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Abstract The Chinese Space Station Telescope (CSST) spectroscop&ysims to deliver high-quality
low-resolution & > 200) slitless spectra for hundreds of millions of targets dowa timiting magnitude

of about 21 mag, distributed within a large survey area (I7d€lf) and covering a wide wavelength range
(255-1000 nm by three bands GU, GV, and Gl). As slitless spgabpy precludes the usage of wavelength
calibration lamps, wavelength calibration is one of the nobsllenging issues in the reduction of slitless
spectra, yet it plays a key role in measuring precise radilmoities of stars and redshifts of galaxies. In
this work, we propose a star-based method that can monitbcamect for possible errors in the CSST
wavelength calibration using normal scientific observatidaking advantage of the facts that (i) there are
about ten million stars with reliable radial velocities nemailable thanks to spectroscopic surveys like
LAMOST, (ii) the large field of view of CSST enables efficiefitservations of such stars in a short period
of time, and (iii) radial velocities of such stars can beakely measured using only a narrow segment of
CSST spectra. We demonstrate that it is possible to achievavalength calibration precision of a few
kms~! for the GU band, and about 10 to 2ths~! for the GV and GI bands, with only a few hundred
velocity standard stars. Implementations of the methodhercsurveys are also discussed.

Key words. methods: data analysis — methods: statistical — technicgmectroscopic — techniques:
radial velocities — stars: fundamental parameters — skamematics and dynamics

1 INTRODUCTION WFC3) on broad of thélubble Space Telescope (HST) to
study various emission line galaxies and other targets at

Slitless spectroscopy has been a workhorse for astrophyg'—gh redshifts.

ical science since the 1960s, due to its unique capability [N spite of its unique capability, slitless spectroscopy
in recording enormous numbers of spectra without anygopes with three common issues in terms of their
artificial pre-selection. It has been implemented for sysve image acquisition and data reduction, including how
from the ground’ such as the Hamburg/ESO Objectiveto obtain/construct an image of the field without the
prism survey VVisotzkietal. 1995 the UK Schmidt dispersing element in place to allow accurate source
Telescope Clowes et al. 1980Hazard etal. 1986 and location, how to extract spectra from the final image in
the Quasars near Quasars survéyofseck etal. 2008  crowed fields, and how to perform wavelength and flux
Due to the lack of a slit, each pixel receives thecalibration. The calibration is the mostimport and also the
full transmission of the dispersing element. Thereforemost challenging part.

ground-based slitless spectroscopy suffers from the high Slitless spectroscopy precludes the usage of wave-
background. Thanks to the very low sky backgroundength calibration lamps, so that the dispersion solution
and very high spatial resolution, space-based wide-fields a function of the reference position must be calibrated
slitless spectroscopic surveys have become very powerfih advance, either on the ground or in space, or both.
tools in astronomyGlazebrook et al. 2005A number of ~ Traditionally, on-ground calibrations provide an initial
surveys (e.g.McCarthy et al. 1999Gardner et al. 1998 dispersion solution for wavelength calibration. Then in-
Teplitz et al. 2003 Pirzkal et al. 2004 Malhotra etal. orbit calibrations are needed to give an updated and better
2005 Momchevaetal. 20t6Pharoetal. 2020 have solution. Such calibrations can only be conducted by
been conducted by different instruments (ACS, NICMOS observations of specific astrophysical sources. For this
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purpose, compact, bright, and stable targets in a sparde fiebbservations as wavelength standards to monitor and
and with a good grid of emission lines are typically chosercorrect for possible errors in wavelength calibration. The
(seePasquali et al. 2006 Such targets include planetary paper is organized as follows. We introduce our method in
nebulae in external galaxies, Ae stars, Be stars, Wolf-Raye&ection2. We present a simple yet non-trivial verification
stars, cataclysmic variable stars, young stellar objactd, of our method in Sectior8. In Section4, we discuss
AGNSs. Due to field effects and geometric distortions thatimplications and future improvements of our method. We
cause field-dependent dispersion solution and wavelengtonclude in Sectios.

zero point, calibration targets have to be observed at quite

number of positions across the field of view in orderto mapp METHOD

spatial variations in the trace- and wavelength solutions.

The calibration result is stored and used in the form of dn slitless spectroscopy, the location of an object's spect

configure file that contains all the instrument dependen®n the detector is defined by its positiond, yrer) in the

parameters. reference frame of the slitless image. Therefore, values of
Tref, Yref) MUSt be firstly determined to set the absolute

The Chinese Space Station Telescope (CSST) is g\

2 meter space telescope of a large field of view of 1_1wavelength scale. It is straightforward in the case of the

deg®. It will simultaneously carry out both photometric presence of a direct image, such as the various slitless
. . : . spectroscopy modes ¢iST instruments. In the case of
and slitless grating spectroscopic surveys, coveringgelar : . . .
5 . : . the CSST, where a direct image is not available but a
sky area of 1750deg” but at a high spatial resolution of o . .
~ 0.15" in about ten yearsZhan 20112018 Cao et al grating is used as disperser, the zeroth-order image, when

2018 Gong et al. 201 The imaging survey has seven available, could be used to provide the zero pomt o_f

o . . . the wavelength scale. When the zeroth-order image is
photometric filters, i.eNUV, u, g, r, i, z, andy, covering i : .

. not available, a predicted zeroth-order image based on

255-1000 nm from the near-ultraviolet (NUV) to the near . : . .
. : . . astrometric solution, could be used. Therefore, in this
infrared (NIR). While the slitless spectroscopic surveyW k. we presume that the zeroth-order im
has three bands, GU (255-420 nm), GV (400650 nm)."° ™ € pvefluble at the zeroth-order image yrer)
and Gl (620-1000 nm). Complementary to the CSS‘IJS"’I_”‘:lysa ala e.h uti I |
imaging survey, the CSST slitless spectroscopic survey . dve”“ée ength so utlonsf as wetl as §pectra trace are
aims to deliver high quality spectra covering 250_100died|ne th)t ;eSpe_(E)t t(;) are elrence' plosT;Qn,,ef(, yref),l _
nm at R larger than 200 for a magnitude-limited sampleahn c;n eﬁvsscrl ; as %O ynom(lja S ((j)r exz:mp e,hln
of hundreds of millions of stars and galaxies. Precis € ane I'SIO are designed to dre I-L:l?fel" ata from the
wavelength and flux calibrations are required to achieve itgztlous SI I eslszso%ect:]oscopy _mg €s i |n.struments
various scientific goals, from the nature of dark matter ané ummel et al. B the trace is describe as:
dark energy, Iarge-sgale strL_jcture an(_Jl cosmology, galaxy Ay(Az) = ag +ay * Az +az * Az? + ... 1)
formation and evolution, active galactic nucleus (AGNSs),
to the Milky Way and near-field cosmology, and stellarwith (Az, Ay) = (Ttrace — Trefs Ytrace — Yret) the offset
physics. In this work, we focus on the issue of wavelengtiof the image coordinates (ace, Yirace) froM (Trof, Yret)-
calibration. Wavelength solutions are described as:

In a previous paper Sunetal. 2021 hereafter
Paper 1), we show that the CSST slitless spectra have
the capability to deliver stellar radial velocities to ar
precision of2 — 4kms~! for AFGKM types of stars at ; ; I
SNR = 100. Considering that accurate radial velocities — A(l) =1, + ——— + & 5+ = = +..03)
have been obtained for over ten million of stars by (t=lo)  (I=l)*  (I—l)
large-scale spectroscopic surveys such as LAMOSTyith | the distance along the trace. In order to take
(Zhao et al. 201p and upcoming surveys such as WEAVE variations of the trace description and dispersion safutio
(Bonifacio et al. 201 DESI (DESI Collaboration etal. as a function of object position into account, all quarsitie
201@, SDSS-V ((ollmeier et al. 201Y, and 4MOST ag,a1,a2, ... 0o, l1, 0o, . .. in Equations (1) — (3) are
(de Jong etal. ZO:DQVi“ deliver radial velocities for more ﬁeld-dependent 2D polynomialsy and are functions of
and more stars, we propose a new star-based methegd, . v..;). For example, the quantity given as a 2nd-
for precise wavelength calibration of the CSST slitlessorder 2D polynomial is:
spectroscopic survey. The method uses enormous numbers
of stars (absorption lines rather than emission lines) of @ = Qg + 01 * Treg + 2 * Yref + O3 % Trg
known radial velocities observed during normal scientific + QU * Trof * Yref + Q5 * Y2

MO =lo+ 1l sl +1+1%+. .. )

(4)
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Due to the large field of view of the CSST, spatial NGSL (Heap & Lindler 2007Koleva & Vazdekis 201pto
variations of the dispersion solution are expected to bsimulate the CSS-OS slitless spectroscopic observations.
strong. It will be very time-consuming to map out such Spectra normalized by the simple normalization approach
variations with very fine grids. Temporal variations arein Paper I, i.e., a moving average method with window
also expected. To avoid possible large calibration errorsize of 51 pixels, are used. We split each GU/GV band
with the traditional method, we propose a new star-basedpectrum into four segments and Gl band spectrum into
method for precise wavelength calibration of the CSSTfive segments. The wavelength ranges of each segment
slitless spectroscopy survey. The method uses enormospectrum are shown in Figufe Then for each segment
numbers of stars of known radial velocities observedspectrum, we use the cross-correlation function (CCF)
during science observations. We assume smooth tempornalethod to measure stellar radial velocities and Monte
variations of wavelength solution, i.e., wavelength solut  Carlo simulations to estimate their errors at SNR = 100,
is stable for a period of time, e.g., a few hours. We assumas in Paper |. Note here the SNR refers to SNR per pixel at
that errors in wavelength solution during the period of timea sampling rate of 3 pixels per resolution element.

can be described as: We divide the sample into differefit bins. The bin
ize is 500 K forT.g from 3000 to 10000 K, and is 3000
AN =1+ 1 %1+ T2+ ... 5y S€1s off s
() =lo+hxl+lxl+ ®) K for hotter stars. Figur& plots the median values efy
or as a function ofl . at SNR = 100 for different segments
I I I of spectra from the GU (left), GV (middle), and Gl (right)
2 3

AN =17 + =) + AL + U —4l’ B +..(6) bands. The values for the whole GU/GV/GI band are also
0 0 0 plotted for comparison. The median valuesgf; are also
or more generally, listed in Tablel. The results show that the overall trends
are consistent with Paper I, but with relatively larger ealu
AN = fl@rets Yrets A) = f(@refs Yret, ) (7) " of oy due to narrower wavelength ranges used.
Replacing by ), Equation (5) can be rewritten as: To further verify our method, we have performed
Monte Carlo simulations to estimate calibration errors
ANN) =l + 1+ A+ 1% A% 4. (8)  of the method with different number of stars used. We

assume that the errors of original wavelength calibration
. . . . of CSST can be described by Equation (8) at order 2.
in Equations (5) — (8) are 2D polynomial functions of - ) .

q ©®-® poly 16,1, 15 coefficients in Equation (8) are 2nd-order 2D

(xref; yref)' . . . .
During this period of time, a large number ( hundredspmynomlaII functions of frer, yirer), aS given by Equation

or more) of stars with known radial velocities will be (4). Therefore, a total number of 18 free parameters are

observed and have good SNRs. Each GU/GV/GI ban{_}eeded to describe calibration errors. We assume a perfect

- . vy}avelength calibration, i.e., all the 18 parameters are
spectrum can be divided into several segments. For eac

. . . . zero. Then we uséV stars randomly selected from the
segment, we can measure its radial velocity using th

. . . . L AMOST DR5 (Luo et al. 201%, corresponding td x N
original dispersion solution and compare it with expecte L
. . . . (§5 x N for the Gl band) measurements of calibration errors
value. The difference in radial velocities can be converte . .
. . . : . ._at 4 (5 for the Gl band) given wavelengths but different
into the offset/error in the original dispersion solution.

With hundreds of offsets across the whole field of view et Yrer) POSItions, to constrain the 18 free parameters.
and in different wavelengths, we can map out and theThe stars are assumed to be uniformly distributed in the

correct for the offseta\ A as functions ofeyer, yrer @andA. ?"?'d_Of View, i.€., bothw,r andy. values are uniformly
. . ... distributed between 0 and 1. We also assume that all
In this way, we can achieve a better wavelength calibration
. . L these stars are well observed by the CSST and have SNRs
without any new cost in observing time. : . )
of 100 and their velocity errors are given by Talle
according to their temperatures. With newly derived 18

parameters, predicted\()\) values at 10000 positions

The precision of the new method depends on how manV]at are uniformly distributed in the field of view are
stars can be used and how precise can we measure steff@mputed and compared to the assumed values of zero.
radial velocities from their narrow segment spectra. InThe precision is indicated by the dispersions\of(\). N

this section, we first use the same data and method &s100, 400 are used.

in Paper | to estimate uncertainties in measuring radial  Figure 3 shows the distribution of wavelength cali-
velocities using different narrow segments of the CSSTbration errors using a total number of 100 simulations.
spectra. We use spectra degradedite= 250 from the The left, middle, and right panels show results for the

As in Equations (1) — (3), all quantitid§, 7;,15, . ..

3 A SIMPLE VERIFICATION
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Fig.1 Example of segment spectrum frdiD196218 (Tog = 6207K, logg = 4.11 dex andFe/H] = —0.19 dex). The
black and yellow lines are the degraddel £ 250) NGSL spectrum and its continuum obtained by the simple @gugr
in Paper |, respectively. The boundaries between adjaegmients (marked with serial numbei&y.i) are indicated by
vertical blue lines. The wavelengths of these blue line&&9, 2870, 3245, 3690, 4260n the GU band, 4000, 4530,
5115, 5770, 6508 in the GV band, and 6200, 6890, 7600, 8380, 9240, 10000the GI band, respectively. Note the
prominent metal absorption lines in the GU band spectrunpeoed to those in the GV and Gl bands.
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Fig.2 The median values afgy as a function ofl.¢ at SNR = 100 for different segments. The values for the whole
GU/GV/GI band are also plotted for comparison.

Table 1 The Median Values ofry at SNR = 100 for Each Segment at Different Temperature Bins

T.s¢ Range ORV
(K) (kms—1)
GU GV Gl

No.1 No.2 No.3 No.4 No.1 No.2 No.3 No.4 No.1 No.2 No.3 No.4 WNo.
[3000,3500) 3.8 7.9 75 6.1 97 6.0 6.6 10.2 16.5 10.7 26.11 264.5
[3500,4000) 4.1 8.0 6.8 6.6 9.7 184 147 18.2 347 386 7388 383.7
[4000,4500) 5.1 6.8 6.5 5.2 105 22.7 19.0 321 554 886 7B63 826
[4500,5000) 5.4 6.2 7.4 5.0 12.8 285 26.2 51.6 70.2 120.32 9%2.6 100.2
[5000,5500) 4.5 7.1 10.7 5.8 16.5 45.1 33.7 84.3 68.1 172.0.61454.0 104.2
[5500,6000) 4.5 115 201 65 20.2 37.7 55.6 116.7 51.3 1a3.1 54.1 98.2
[6000,6500) 4.8 20.3 342 7.7 19.8 33.2 886 118.8 43.7 18143.1 56.2 72.4
[6500,7000) 5.3 15.0 25.7 6.3 152 242 56.8 107.5 354 21%H4.0 399 747
[7000,7500) 5.7 17.8 31.8 6.0 11.7 18.7 64.9 132.0 29.9 31909 26.5 484
[7500,8000) 6.1 18.7 33.6 5.6 9.8 154 67.3 1127 25.7 246%6.21 21.2 36.0
[8000,8500) 7.3 24.6 427 49 7.8 142 83.0 1415 23.1 3238.02 16.3 30.2
[8500,9000) 11.2 36.1 58.1 4.6 7.4 13.2 138.8 156.4 22.0 73582.9 149 279
[9000,9500) 14.7 58.3 67.3 4.4 7.3 125 227.2 163.5 20.9 3392339 146 26.1
[9500,10000) 11.0 229 529 43 75 12.8 127.0 144.1 22.2.628318.7 13.7 25.7
[10000,13000) 19.4 44.3 843 5.8 9.6 16.9 218.4 154.7 28.9.43225.5 16.2 33.0
[13000,16000) 37.7 97.1 126.1 6.6 11.0 19.6 429.5 159.2 3288.0 264.2 19.3 374
[16000,19000) 46.8 146.0 145.8 9.4 16.1 325 385.9 1295 9 43225 2165 24.3 54.0

[19000,22000) 34.0 99.5 1239 12.8 20.2 329 3175 1019 8 4%1.3 276.8 33.7 51.0
[22000,25000) 49.7 96.3 140.2 14.7 23.3 34.3 210.3 126.6 7 5228.1 385.5 35.8 60.8
[25000,28000) 52.9 164.0 158.5 13.4 20.8 33.2 3549 1319 .4 4%0.1 2322 37.3 520
[28000,31000] 28.5 48.1 914 20.1 30.6 29.1 280.5 118.1 4748.9 194.3 425 49.6
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Fig. 3 Distribution of wavelength calibration errors for the Gldff), GV (middle), and Gl ¢ight) bands. The results with
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Fig.4 Left: Spatial distributions of simulated A (z,f, yrer, A) Values from a typical simulation wittv = 400. Right:
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Spatial distributions of calibration errors from the sanmewsation.

GU, GV and Gl bands, respectively. The dispersion value3able 2 Wavelength Calibration Errors for the GU/GV/GI
are labeled in Figure8 and listed in Table2. It can

Bands atv=100, 400
be seen that with 400 stars, the method can achieve a
wavelength calibration precision of about 2, 10, and 20
kms~! for the GU, GV and Gl bands, respectively. With

Xref

Wavelength Range
A

N =100 N =400

Dispersions Af\
(kms~1)

100 stars, the numbers are increased by a factor of about GU-AIl: 2550-4200 4.7 22
two, as expected. Figureshows the spatial distributions GU-No.1:2550-2870 4.8 24
f both the simulated and dicted calibrati GU-No.2: 2870-3245 3.9 1.8
of both the simulate and pre« icte cali ration errors GU-No.3- 3245-3690 4.3 20
AN(Zyef, Yref, A) from a typical simulation atV = 400. GU-No.4: 3690-4200 5.8 2.6
Note that systematic errors in radial velocity measuresent GV-All: 4000-6500  24.8 11.4
At GV-No.1: 4000-4530  22.8 11.8
are much smaller than wavelength calibration errors, due to GV-NO.2 45305115  27.4 108
the usage of the full range of spectra. GV-No.3: 5115-5770  18.2 8.0
GV-No.4: 5770-6500  38.4 18.9

GI-All: 6200-10000  34.1 18.1
4 DISCUSSION Gl-No.1: 6200-6890  38.9 18.6
GI-No.2: 6890-7600  29.1 15.9
The results show that the star-based method has the GI-N0.3:7600-8380 351 19.9
. . L g GI-No.4: 8380-9240  23.9 11.9
potential to achieve a wavelength calibration precision GI-NO.5: 9240-10000  54.4 311

of about a fewkms~! for the GU band, about 10

kms~! for the GV band, and about 2@ms~! for

the Gl band, with only a few hundred stars. Given the

capabilities of CSST spectra in measuring stellar radiateliable velocities (with uncertainties about kths~1)
velocities as demonstrated in Paper |, it suggests that tifer a unique magnitude-limited sample of stars with huge
CSST spectroscopic survey is very promising to delivenumbers for Galactic and stellar sciences, such as Galactic
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kinematics and searching for high-velocity stars and hypel., AMOST, SDSS, and APOGEE (Huang et al, to be
velocity stars Brown 2015. submitted), are dominated by systematic errors due to

A few hundred well-observed velocity standard starsvavelength calibration errors. The method can be applied
by the CSST are required to make the method work wellto these surveys to investigate and then correct for sources
The CSST slitless spectroscopic survey can reach abo@f wavelength-dependent wavelength calibration errors.

17 mag at SNR = 100. It means that most LAMOST

targets £ < 17.8 mag) can serve as good velocity standarcc SUMMARY

stars. Upcoming surveys such as WEA®D(ifacio et al. o ) )
2016, DESI (DESI Collaboration et al. 2036 SDSS-V Wavglength cahbragpn plays a key role in measuring
(Kollmeier et al. 201y, and 4MOST de Jong et al. 2039  Precise radial v-elocmes of stars gnd redshifts (-)f.gasme
will also provide millions of high-quality velocity stancth ~ [OF the CSST slitless spectroscopic survey, yet it is one of
stars. Given the field of view for each CSST grating ofthe hardest issues in the data reduction process due to the

about 100 arcmif the exposure time of 150s, and the failure of wavelength calibration lamps.

typical number density of velocity standard stars of a N this work, considering the facts that (i) there are
few hundred per dég we expect that it will take a few about ten million stars with reliable radial velocities now
hours to collect spectra of a few hundred velocity standargVailable thanks to spectroscopic surveys like LAMOST,
stars. As long as wavelength solution is stable for a fevl]) the large field of view of CSST enables efficient
hours or longer, the method should work well. In cases oPbservations of such stars to a large number and in a short
very unstable wavelength solution, a number of specifietﬂ’eriOd of time, and (iii) radial velocities of such stars can
wavelength calibration fields, which have a high densit)pe reliably measured using only a narrow segment ofCSST
(thousands per d&y of velocity standard stars, can be spectra, we propose a star-based method that can monitor
designed in advance to increase the number of velocit§nd correct for possible errors in the CSST wavelength
standard stars to be used in a very short time. calibration using normal scientific observations. With a
simple simulation, we demonstrate that it is possible

Although we focus on normal stars in this work, we . Lo -
note that any point sources (Ae stars, Be stars WoIf—Rayet? achieve a wavelength calibration precision of about
' ' a few kms~! for the GU band, about 1&ms~' for

stars, cataclysmic variable stars, young stellar objects
4  young e he GV band, and about 2Bms~! for the GI band,
and AGNSs) with well detected emission lines and known" | . . .
. . , with only a few hundred stars. Given the possible high
velocities can also be directly used in the framework . oo . .
. precision of wavelength calibration and radial velocities
of the new method. If necessary, compact galaxies wil

well measured redshifts can also be included. We ignorztehe CSST spectroscopic survey can deliver unique samples

. i . and enable interesting science such as Galactic kinematics
velocities variations caused by binary stars. However, : .
. . . and searching for hyper-velocity stars. The method can

only a very small fraction of binary stars show velocity ) .

- 1 . also be applied to other spectroscopic surveys such as
variations larger than 18@ms~" (e.g., Tian et al. 2018

) . L LAMOST.

In this work, we also ignore uncertainties in thgs and
yret Values of velocity standard stars. Their uncertamtleSAcknowledgements Dedicated to the Department of
are expected to_be very small as most veI_00|ty Standarﬂstronomy of Beijing Normal University, the 2nd astron-
stars are very bright and will have high quality zero-order

. . . omy program in the modern history of China. This work
images and/or accurate positions by Gaiamdegren et al. is supported by the National Key Basic R&D Program of
2018. We also ignore velocity uncertainties in the velocity

L . . China (2019YFA0405500), the National Natural Science
standard stars, considering that their typical errors fa fe

4 - Foundation of China (No. 11603002), and Beijing Normal
kms™") are comparable to or smaller than the numbers "lJniversity (No. 310232102)

Table 1.

In this work, we have assumed that each narro eferences
segment spectrum suffers the same systematic errors in
wavelength calibration. In real cases, it is likely that
wavelength calibration errors depend on wavelength eveBonifacio, P., Dalton, G., Trager, S., et al. 2016, in SFD-E
for a very narrow wavelength range. This problem can be Pproceedings of the Annual meeting of the French Society
solved in a very straightforward way by using pixel-based of Astronomy and Astrophysics, eds. C. Reylé, J. Richard,
optimizations, which will be implemented in the future. L. Cambrésy, M. Deleuil, E. Pécontal, L. Tresse, & I. Vang|
The method can not only applied to the CSST, but 27
also other spectroscopic surveys. We note that velocityrown, W. R. 2015, ARA&A, 53, 15
uncertainties of most spectroscopic surveys such a€ao,Y., Gong, Y., Meng, X.-M., etal. 2018, MNRAS, 480, 2178
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