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ABSTRACT

Long slit spectrometers are widely used in optical and infrared bands in astronomy. Absolute flux
calibration for extended sources, however, is not straightforward, because a portion of the radiation
energy from a flux calibration star is blocked by the narrow slit width. Assuming that the point spread
function (PSF) of the star is circularly symmetric, we develop a robust method to extrapolate the
detected stellar flux to the unobscured flux using the measured PSE along the slit-length direction. We
apply this method to our long slit data and prove that the uncertainty of the absolute flux calibration

is less than a few percents.
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I. INTRODUCTION

Spectroscopic observation in astronomy is to mea-
sure the radiation energy and/or the dynamical pa-
rameters of celestial objects. In optical and infrared
bands, slit spectrometer is preferable to other spec-
trometer types, e.g., Fabry-Perot Interferometer and
Fourier Transform Spectrometer (Luhman et al. 1994;
Pak 2000). Traditionally, astronomical spectroscopy
in optical bands has been developed for observing ab-
sorption lines from the stellar atmospheres using slit
spectrometers. Since the properties of these absorption
lines can be characterized by the ratio of the absorbed
energy to the continuum energy, i.e., equivalent width,
the absolute flux calibration is not required for the most
of the stellar spectroscopy.

The grating of the slit spectrometer disperses the ra-
diation perpendicular to the slit length-direction. Since
the slit works as a field stop, the slit width controls the
amount of throughput energy and the spectral resolu-
tion. We need to use the same slit width during obser-
vations to keep the same spectral resolution. The full-
width at half maximum (FWHM) of the point spread
function (PSF), however, depends on the telluric at-
mospheric seeing condition which is not stable during
the observation, and the amount of radiation energy
through the slit depends on the PSF. When the obser-
vation targets are point sources, e.g, stars and quasars,
the absolute flux calibration is just to compare the mea-
sured target flux with those of the flux calibration stars
(Massey, Valdes, & Barnes 1992). In some special cases
when the absolute flux calibration is critical, the tar-
gets and the flux calibration stars are measured simul-
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taneously to minimize the effect of the PSF changes
(Eigenbrod et al. 2006).

When the targets are extended like galaxies, nebu-
lae, molecular clouds, and planets, the absolute flux cal-
ibration becomes troublesome. Astronomers have used
two flux calibration methods for extended sources: (1)
observing the well-known extended targets, e.g., Orion
Nebula, as the flux calibration sources (Hunter & Gal-
lagher 1997) and (2) observing the flux calibration stars
with the widest slit which minimizes the masking of the
stellar radiation (Pyo 2002). The former method, how-
ever, is not reliable because the intensity distribution
of a real extended celestial source is not homogeneous
and the measured radiation energy depends on the see-
ing condition. Using the latter method, the spectral
resolutions of the target and the calibration star may
be different.

In order to calibrate the extended source intensity
using the flux calibration star with the same spectral
resolution, the measured stellar flux, which is blocked
by the slit, needs to be corrected. We develop a robust
method to extrapolate the measured stellar flux to the
total flux by using the PSF along the slit-length direc-
tion. In Section 2, we present the long-slit data which
we use for our method. The derived correcting factors
are explained in Sections 3 and 4. Finally we discuss
the results of our method in Section 5.

II. DATA OF SLIT SPECTROMETER

We used the Cooled Grating Spectrometer 4 (CGS4;
Mountain et al. 1990) at the 3.8 m United Kingdom
Infrared Telescope (UKIRT) in 2001 and 2003. We
configured the CGS4 with a 31 1/mm echelle grating,
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TABLE 1
STANDARD STARS

Standard star Observing date (UT) mg® Type® Tgq® Foa(Ak)
(mag) (K)  (Wm?pm )
HR 6496 2001, 2003/05/23 5.13 F7V 6300 3.67x 10712
BS 6310 2003 4.79®  F4V 6600 5.02 x 10712

% From Eyres et al. 1998.

b mxg =mpg — (H — K) where my = 4.83 (Eyres et al. 1998) and (H — K) = 0.04 (Cox 2000).

300 mm focal length camera optics and a two-pixel-
wide slit. The pixel scale along the slit was 0.90 arcsec
for Hy 1—0 S(1) (A = 2.1218um) with the grating an-
gle of 642691 and 0.84 arcsec for Ho 2—1 S(1) (A =
2.2477um) with 62°127, respectively; the slit widths on
the sky were 0.83 and 0.89 arcsec, respectively, for these
two configurations. The slit length is ~ 90 arcsec.

Seeing was less than 1 arcsec throughout the whole
observations. The image quality is degraded, how-
ever, through the optical system of CGS4 and the fi-
nal spatial resolution was about 2 arcsec (~ 0.1 pc at
the distance to the Galactic center) according to the
FWHM of the flux profile of the standard star along
the slit. The instrumental resolutions, measured from
Gaussian fits to telluric OH lines in our raw data, were
~ 18 km s7! for Hy 1-0 S(1) and ~ 19 km s~! for
Hy 2—1 S(1), respectively.

We observed flux calibration stars, HR 6496 (o =
17h27m251, 6 = —12°30/45"; J2000) and BS 6310 (o =
17h00™0935, § = —24°59’21”; J2000). Table 1 lists the
properties of the flux calibration stars. The scientific
targets of these observations are the Ho 1—0 S(1) and
the Hy 2—1 S(1) emission lines from the central 10 pc
of the Galactic center. The near-infrared Hs emission
lines arise from very extended regions where the shocks
heat the molecular clouds. The scientific analyses of the
data are in the separate papers (Lee et al. 2003; Lee et
al. 2006)

III. SLIT OBSCURATION FACTOR

Since only a portion of the flux from the standard
star is detected due to the narrow slit (see Figure 1),
the measured signal must be corrected for proper flux
calibration as

Fo = Citig - Fops- (1)

where Fp is the original unobscured flux of the stan-
dard star, F,ps is the measured flux, and Cy; is the
correction factor for the slit obscuration.

Assuming a circularly symmetric PSF for the star,
based on the FWHM of the flux profile along the slit
length, the intensity distribution is given by

I(r) = Inaz - exp {—% (5)1 @)

g

where I, is the peak intensity and 0 = FWHM/2.354.
Then the original flux is,

I7na.’b‘
/ mr? dI(r)
0
= 2702 Imnas- (3)

By, =

Next we calculate the observed flux after the slit,
Fops. When we define x- and y-axis as in Figure 1,
since 72 = 22 + 12, equation 2 can be written as

AL

I(z,y) = LIynax - €xp [_ 952

Given a slit width, 2Y (from —Y to Y along the y-axis),
the observed flux,

+Y 400
/ / I(z,y) dz dy
-Y J—oo

Y 2
2\/%017%1/ exp [— Y ] dy. (5)
0

202

Fobs =

Noting u = y/v/20,
Y

Fobs = 27702]7711117 . erf(ﬁ), (6)

where

erf(%) = % /0E exp [—u?] du. (7)

Because error function approaches 1 when Y goes to
infinity, one recovers the original flux given in equation
3.

From equations 1, 3, and 6, the slit obscuration fac-
tor, Cyy, for the missing flux is given by

Fy
Fobs

erf(

Cslit

Y
V2o

This correction factor can be calculated from the slit
width (2Y) and o from the seeing size.

)- (8)
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Original PSF

Obscured PSF

Fig. 1.— Obscuration of a point-spread-function (PSF) by a narrow slit. (left) A circularly symmetric PSF. (right) The
PSF obscured by a narrow slit. x-axis is along the slit length and y-axis is along the slit width.

IV. SCALING FACTOR

Flux calibration for extended sources like diffuse Hy
emission from molecular clouds is converting instru-
mental pixel values in the unit of ADU into specific
intensities (I or Iy) in physical units, e.g., W m—?2
arcsec™2 um~!. Given a pixel value, S(\), the specific
intensity, I(A), is calculated by a linear equation,

I(A) = Crrue(N) - S(N). (9)

Here the scaling factor of flux calibration, C'j,5 (), can
be calculated from

Fstd()‘) . 1 tstd . 1
Sstd(/\) Wslit . Cslit

where Fstd()\) is the flux density of a standard star in
W m~2 um~1, S54()) is the pixel value of the standard
star in ADU, Qp;; is the pixel field-of-view (FOV) in
arcsec?, tgq and top; are the exposure times of the stan-
dard star and the object, respectively, Wy;;; is the slit
width in pixels, and Cg;; is a correction factor for slit
obscuration.

The flux density of a standard star, Fgq(A), can be
calculated if we know its flux density at K-band (2.0-
2.4 pm). Since we observe the Hy lines only in K-
band, assuming that the spectral energy distribution
of the standard star approximately follows the Planck
function in the small range of wavelength, we can use
a relation for flux densities like

Criuz(A) = (10)

Qpim tobj

B(/\’Tstd)

F =
ta(}) BOve, Tord)

Fyta(Ak) - (11)

where the central wavelength of K-band, Agx = 2.179 um,

Tsiq is the effective temperature of the standard star,

and the Plank function (Cox 2000) is given by

1.1910 x 108 - A5
B()‘v Tstd) - b

14387.7 ’ (12)
€Xp [Aumn}d] -1

Fia(Ak) can be calculated from the K-band flux den-
sity of Vega;

Fora(AK)

where Fyega(Ak) = 4.14 x 10710 W m=2 ym~! (Cox
2000) and mg is the K-band magnitude of the standard
star. We present the information of the standard stars
we use in Table 1.

= Fyega(Ak) - 107 ™K /25 (13)

V. RESULTS AND DISCUSSION

For the absolute flux calibration of our CGS4 data
we apply the methods described in the previous sec-
tions. With the known values of Q,;,; (0790 x 0741 =
0.369 arcsec? for Hy 1—0 S(1) and 0784 x 0741 =
0.344 arcsec? for Hy 2—1 S(1)), std/tob] (7/100 for
Hy 1-0 S(1) and 7/60 for Hy 2—1 S(1)), W (2 pix-
els), and Cyy, the scaling factors for flux calibration
are derived and listed in Table 2

On the nights of 2001 August 3 and 4, we observed
the flux calibration star, HR 6496, before and after each
observing night. The measured pixel values, Ss;q(A),
changed by 2 — 7 % during the same nights because
of the seeing changes. Using equation 8, we derive
the slit obscuration factors, Cy¢, based on the PSF
profiles along the slit-length direction (see the 6th col-
umn in Table 2). Then we calculate the scaling factors,
C'tluz, which directly convert the measured pixel val-
ues of the extended targets to the intensity units using
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TABLE 2
SLIT OBSCURATION FACTORS AND SCALING FACTORS

Date (UT) Standard Foa(N) Ssta(A) FWHM  Cy Cltiug
(yyyy/mm/dd) star (Wm=2 ym~!) (ADU) (pixel) (W m~2 arcsec™2 ym~t ADU1)
Hy 1-0 S(1) (A =2.1218um)
2001/08/03  HR 6496  4.01 x 10712 1600 2.13 256 9.27 x 10717
HR 6496 1850 .78 220 9.36 x 10717
2001/08/04  HR 6496 1480 2.10  2.52 1.02 x 10716
HR 6496 1530 2.00 2.43 1.02 x 10716
2003/05/23 HR 6496 2270 2.44 2.94 5.70 x 10717
2003,/05/28 BS 6310 5.48 x 10712 3050 1.80 2.20 7.75 x 10717
2003/05/29  BS 6310 2570 2.14 2,59 7.82 x 10717
2003/05/30 BS 6310 3480 1.97 2.39 6.24 x 10717
2003/05/31 BS 6310 1680 2.19 2.66 1.16 x 10716
2003,/06/01 BS 6310 3140 1.68 2.06 8.02 x 10~17
Hs 2—1 S(1) (A =2.2477um)
2001/08/04 HR 6496 4.12 x 10712 1030 2.02 2.32 1.76 x 10716
equation 10. The scaling factors of the same nights REFERENCES

agree within 0 — 0.5 %, which proves that our slit ob-
scuration factors correct the seeing changes almost per-
fectly.

In equation 10, the ratio of Fsq(A\) to Sseq(A) in-
cludes the detector responsivity which depends on the
detector temperature (Rieke 2002) and the atmospheric
transmission. Because these parameters change every
observing night, the scaling factors in Table 2 are dif-
ferent for different nights. Figure 2 shows two spectral
images of the Hy 1—0 S(1) line, which are observed
from the same position on the sky but in two differ-
ent nights; August 3 in 2001 (left) and on May 23 in
2003 (right). After flux calibration using the scaling
factors in Table 2, the integrated line intensity of the
brightest clump is ~ 1.8 x 10717 W m~2 arcsec™? in
the 2001 data and ~ 1.5 x 1077 W m~2 arcsec™? in
the 2003 data. The difference of the calibration results
is ~ 9 % between the two different seasons over a time
gap of about two years. Therefore we conclude that our
method is reliable considering that the uncertainty of
absolute flux calibration in a near-infrared observation
is typically a few tens percent (Pak et al. 2004).
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Fig. 2.— Comparison of a common field data in two different nights. Two spectral images of Ha 1—0 S(1) line emission
were observed on August 3 in 2001 (left) and on May 23 in 2003 (right), respectively. The vertical direction is along the slit
and the direction of spectral dispersion is horizontal. The field position on the sky is a = 17%45™45%1 and § = —28°58'56"
(J2000), but it was slightly changed along the slit between 2001 and 2003. We compare the integrated intensity of the
brightest clump which is marked with a circle in each image (see the text).
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