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Abstract: Investigating the extinction properties in dense molecular clouds is of significant importance
for understanding the behavior of interstellar dust and its impact on observations. In this study,
we comprehensively examined the extinction law in the Ophiuchus cloud across a wavelength
range from 0.8µm to 8µm. To achieve this, we analyzed NIR and MIR data obtained from the
UKIDSS GCS and the Spitzer c2d survey, respectively. By fitting a series of color–color diagrams,
we determined color-excess ratios EJ−λ/EJ−K for seven passbands. These ratios were then directly
converted to derive the relative extinction law Aλ/AK . Our findings demonstrate that the Ophiuchus
cloud exhibits a characteristic of flat MIR extinction, consistent with previous studies. Additionally,
our results reveal variations in the extinction law with extinction depth, indicating a flatter trend
from the NIR to MIR bands as extinction increases. Notably, our analysis reveals no significant
difference in the MIR extinction law among the four dark clouds: L1712, L1689, L1709, and L1688.
However, distinct variations were observed in the extinction law for regions outside the dark clouds,
specifically L1688N and L1688W. These regions displayed lower color-excess ratios EJ−λ/EJ−K in
the Spitzer/IRAC bands. This observation lends support to the dust growth occurring in the dense
regions of the Ophiuchus cloud.

Keywords: interstellar medium (ISM); dust; extinction; Ophiuchus molecular cloud; infrared astronomy

1. Introduction

Interstellar dust is a crucial constituent of the interstellar medium (ISM). The physical
characteristics of interstellar dust, including its composition, size distribution, and shape,
can exhibit significant variations across different interstellar environments [1]. Numerous
detailed dust models have been developed to accurately replicate the properties of dust in
a diffuse medium [2–4]. However, with an increase in environmental density, dust grains
undergo two pivotal evolutionary processes that modify their physical properties. These
processes include coagulation, where dust particles collide and merge to form larger grains,
and condensation, where gaseous molecules adhere to the surface of dust grains, leading
to the formation of ice mantles [5–7]. However, the nature of dust evolution in dense
environments remains poorly understood. Gaining a comprehensive understanding of
the properties of interstellar dust in dense environments is essential for unraveling the
formation and evolution of stars and their planetary systems [8–10].

The observational characteristic that characterizes dust properties is the extinction law,
which depicts the wavelength-dependent variation of extinction. The extinction law is com-
monly employed to infer dust properties, including size distribution and composition [11].
Over the past few decades, the extinction law in optical and ultraviolet bands has proven
valuable in investigating the diffuse interstellar medium, allowing for its characteriza-
tion through a single parameter (i.e., RV = AV/E(B− V) = AV/(AB − AV)) [11,12]. In
the near-infrared (NIR) band, spanning 1–3 µm, the extinction law has been found to
exhibit an approximately universal power-law form Aλ ∝ λ−α [13,14]. The power-law
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index α may vary from a sightline to another in the range of 1.6–2.4 (see the review by
Matsunaga et al. [15]).

However, the extinction law in the mid-infrared (MIR) band, spanning 3–8 µm, lacks
a comprehensive description or explanation. The measurement of the extinction law is
generally based on the estimation of the entire molecular cloud, but the density of the
environment within the same cloud is not uniform. Dust grains in denser environments are
more likely to undergo growth, altering their size and composition, thus introducing varia-
tions in the infrared extinction law. Nevertheless, the variability of the infrared extinction
law with respect to environmental conditions (e.g., temperature and density) remains inad-
equately investigated. Early studies suggested that the MIR extinction law did not show
significant variability [16,17]. Subsequent studies revealed that in dense interstellar environ-
ments, the MIR extinction law tends to exhibit a flat behavior, aligning with the Weingartner
and Draine [18] (hereafter WD01) RV = 5.5 model. However, Cambrésy et al. [19] found
a “transition” occurs in the MIR extinction law when AV > 20 mag, displaying a flatter
behavior compared to the WD01 RV = 5.5 model. Dust growth is suggested to account
for this flattened MIR extinction, requiring the dust size to reach approximately several
microns [20,21]. Ascenso et al. [22] found that the MIR extinction curves of two dark
cloud cores in the Pipe Nebula exhibit a flatter trend compared to the extinction curves
predicted by the WD01 dust model, although there exist some disparities between them. In
conclusion, notable uncertainties persist in the MIR extinction law within dense environ-
ments, primarily attributable to observational constraints concerning accuracy and depth.
The question of its universality or its dependence on extinction depth remains a subject
of debate.

In order to investigate variations in the extinction law, we chose the nearby Ophiuchus
cloud, which exhibits active star formation. The Ophiuchus cloud is located at a distance
of approximately 135 pc [23] and is situated at a high galactic latitude. It shows no
contamination from background clouds. Consequently, we can consider all stars within
the region as background stars. The Ophiuchus cloud is also well known for its diverse
range of star-forming environments, including dense dark clouds and translucent clouds.
This characteristic enables us to study possible variations of the extinction law within a
single cloud.

In this work, we combine deep NIR and MIR data to study the extinction law in the
Ophiuchus cloud. In Section 2, we present the infrared data we used in this paper. Section 3
describes the methods and analysis for obtaining the IR extinction law. Section 4 presents
the results and discussions. We present a summary in Section 5.

2. Observations

We obtained the NIR and MIR observations of Ophiuchus cloud from two catalogs:
the United Kingdom Infrared Deep Sky Survey (UKIDSS) Galactic Cluster Survey (GCS)
and the Spitzer Cores to Disks (c2d) Project.

2.1. The UKIDSS GCS

The UKIDSS GCS is a comprehensive survey aimed at providing homogenous data
on a number of open star clusters, star forming regions, and associations [24]. This survey
utilized the United Kingdom Infrared Telescope (UKIRT) Wide Field Camera (WFCAM)
and observed in the ZYJHK bands [25]. The effective wavelengths and full-widths at
half-maximum (FWHM) of the UKIDSS filters are presented in Table 1. The data from the
UKIDSS GCS can be accessed through the WFCAM Science Archive
(http://surveys.roe.ac.uk/wsa, accessed on 1 August 2022). The JHK filters of UKIDSS have
significantly deeper detection limits, approximately 3.5 mag deeper than the JHKs bands of
the Two Micron All Sky Survey (2MASS), which enables the penatration into regions with
up to AV ≈ 40 mag. In this study, the observation from UKIDSS GCS covers a area of about
6 × 4 square degrees toward the Ophiuchus cloud. Details regarding the photometric system
and calibration can be found in Hewett et al. [26] and Hodgkin et al. [27], respectively.

http://surveys.roe.ac.uk/wsa
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Table 1. Basic properties of all photometric bands used in this work, as well as the detection limits
and the number of sources in our merged catalog for the Ophiuchus cloud.

Band λ0
eff (µm) FWHM (µm) Limits (mag) Number

Z 0.882 0.092 20.1 15,743
Y 1.031 0.103 19.5 16,714
J 1.248 0.158 19.4 18,078
H 1.627 0.295 17.8 17,494
K 2.188 0.351 16.9 18,456

[3.6] 3.508 0.743 16.6 18,601
[4.5] 4.414 1.010 15.9 18,610
[5.8] 5.648 1.391 15.3 12,104
[8.0] 7.592 2.831 14.8 6751

2.2. Spitzer c2d Project

The Spitzer c2d project is an extensive survey focused on star-forming regions within
the Milky Way [28]. This survey employed the Infrared Array Camera (IRAC) and Multi-
band Imaging Photometer (MIPS) instruments onboard the Spitzer Space Telescope. The
c2d survey in the Ophiuchus field encompasses an area of approximately eight square
degrees. The dataset comprises imaging observations in four IRAC bands at [3.6], [4.5],
[5.8], and [8.0] µm, as well as in two MIPS bands at [24] and [70] µm. We only use the
Spitzer/IRAC bands in this work. The data from Spitzer c2d project is available through
the Spitzer Science Center’s website (https://irsa.ipac.caltech.edu/data/SPITZER/C2D/,
accessed on 4 January 2023).

Figure 1 presents the observation coverages of UKIDSS and Spitzer, overlaid on the
AJ extinction map calculated by Juvela and Montillaud [29] using the 2MASS survey. In
a related study, Lombardi et al. [30] presented the first AK extinction map of Ophiuchus
based on the 2MASS data by using the Near-Infrared Color Excess Revisited (NICER [9])
method. Additionally, Figure 1 displays the positions of six specific sub-regions, namely
L1712, L1689, L1709, L1688, L1688N, and L1688W, which will be further explored and
discussed in Section 4.4.
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Figure 1. The extinction AJ map of the Ophiuchus cloud determined by Juvela and Montillaud [29]
using the 2MASS survey. The resolution of the AJ map is ∼3.0 arcmin. The irregular outlines in green
and yellow indicate the spatial coverage of the Spitzer and UKIDSS observations, respectively. The
entire region is subdivided into six distinct sub-regions, delineated by solid-line rectangles, namely
L1712, L1689, L1709, L1688, L1688N, and L1688W.

https://irsa.ipac.caltech.edu/data/SPITZER/C2D/
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2.3. Control of the Data Quality

To determine the extinction law of Ophiuchus cloud in both NIR and MIR bands,
we utilized the TOPCAT [31] software (version 4.8-6) to cross-match the UKIDSS and
Spitzer catalogs described above. The matching radius was set to be 1 arcsecond to obtain
sources with simultaneous observations. For the UKIDSS data, we first adopt a strict cut
on uncertainties for UKIDSS ZYJHK bands by requiring photometric magnitude errors
smaller than 0.1 mag. Furthermore, the values of “pstar” flag were restricted to be greater
than 0.99, to eliminate non-stellar sources such as galaxies and extended sources. As a
result, the obtained dataset exhibits limiting magnitudes of 19.4, 17.8, and 16.9 mag in JHK
bands.

For the Spitzer data, we applied quality criteria to select sources classified as “star”
according to the “OType” flag, and we retained only those sources with a signal-to-noise
ratio (SNR) greater than five. The resulting limiting magnitudes for the four IRAC bands are
16.6, 15.9, 15.3, and 14.8 mag. Moreover, we excluded YSOs within the cloud as identified
by Grasser et al. [32]. The number counts of all bands under data quality control are
tabulated in Table 1.

3. Methods and Analysis
3.1. Determination of the Extinction Law

In this study, we investigate the wavelength-dependent extinction law using a tech-
nique similar to that employed by Indebetouw et al. [33]. However, we deviate from their
approach by measuring the color-excess ratios βλ ≡ EJ−λ/EJ−K instead of Eλ−K/EJ−K.
Initially, we determine the color-excess ratios EJ−λ/EJ−K by fitting the loci of the stellar
population on the color–color diagram (i.e., J − λ vs. J − K). Subsequently, we determine
the relative extinction law from βλ and AJ/AK:

Aλ/AK = (1− AJ/AK)βλ + AJ/AK (1)

The value of AJ/AK is often adopted to be 2.5 ± 0.15, as measured by
Indebetouw et al. [33] using the 2MASS survey. However, it is crucial to question this
assumption. To address this, we recalculate AJ/AK using the color-excess ratio EJ−H/EJ−K
obtained from the J− H vs. J− K diagram. Although the UKIDSS photometry is calibrated
relative to 2MASS, systematic biases were found in the photometry between UKIDSS and
2MASS [19]. This recalculation is necessary due to the considerable differences in filters
between UKIDSS and 2MASS. Furthermore, it is important to note that the NIR extinction
law may exhibit variations depending on the interstellar environment. We assume a power-
law form for the extinction law in the NIR JHK bands, given by Aλ ∝ λ−α. Consequently,
the color-excess ratio can be used to derive the value of the power-law index α using the
following relationship:

EJ−H

EJ−K
=

( λK
λJ
)α − ( λK

λH
)α

( λK
λJ
)α − 1

(2)

where λJ , λH , and λK are the effective wavelengths of the UKIDSS JHK bands, respectively.
Hence, our initial step involves deriving α and the relative extinction in the NIR, specifically
AJ/AK and AH/AK, for each sample using the UKIDSS data.

The estimation of color-excess ratios EJ−λ/EJ−K is performed by constructing a color–
color diagram, specifically J − λ vs. J − K. The positioning of star populations on the
color–color diagram is influenced by multiple factors, including their intrinsic colors,
extinction, and photometric errors. In this investigation, the Ophiuchus cloud exhibits
significant extinction, with AJ exceeding 4 mag (see Figure 1). Moreover, the observed
J − K spans a wide range, with ∆(J − K) exceeding 7 mag. The intrinsic color indices
typically display a dispersion of approximately 0.2 mag. Additionally, we have exclusively
selected sources with photometric errors below 0.1 mag for our analysis. Consequently, the
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dominant factor shifting the stars along the reddening vector in the color–color diagram is
the effect of extinction.

When conducting a linear fit to the J − λ vs. J − K color–color diagram, we apply a 3σ
removal technique to identify and exclude outliers in a single iteration. Additionally, we
exclude sources with J − K < 0.65 mag from the analysis.

3.2. Non-Linearity of Extinction Coefficients

It is widely acknowledged in the literature that the effective wavelengths of filters
undergo a gradual shift toward longer wavelengths [34–36]. Consequently, the non-linearity
in the extinction calculation (i.e., Equations (1) and (2)) becomes significant. In previous
studies, this non-linear effect has been commonly regarded as negligible. However, with
the increasing depth of extinction, this effect becomes more prominent and cannot be
disregarded. The effective wavelength of a filter is determined by convolving the stellar
spectra with the filter transmission curve:

λeff =

∫
λF(λ)T(λ)e−A(λ)/1.086dλ∫
F(λ)T(λ)e−A(λ)/1.086dλ

(3)

where Fλ represents the intrinsic flux of the stellar spectra, and T(λ) denotes the relative
response function of the filter. The effective wavelength when the extinction AV = 0 is
defined as the static effective wavelength λ0

eff, which is listed in Table 1. However, the
effective wavelength is subject to shifting relative to static wavelength due to extinction
A(λ). To analyze the “shifting effect”, we utilize a K0III-type stellar spectrum from Castelli
and Kurucz [37] with an effective temperature of 4750 K, logg = 2.5, and solar metallicity.
We assume the extinction law of the WD01 RV = 5.5 model. The left panels in Figure 2
depict the ratio of the effective wavelength λeff at AK to the static wavelength λeff(AK = 0)
as a function of the reddening EJ−K. With the exception of the effective wavelength of the
IRAC [8.0] band, which shifts toward shorter wavelengths, the effective wavelengths of
all other bands shift toward longer wavelengths. This difference can be attributed to the
9.8 µm extinction feature caused by silicate dust. The effective wavelengths of most bands
have relative changes of a few per cent over the range of considered reddening EJ−K < 10
mag.

The extinction Aλx in the λx band is calculated using the following formula:

Aλx = −2.5log10

∫
λTx(λ)F(λ)10−0.4A(λ)dλ∫

λTx(λ)F(λ)dλ
(4)

The color excess Eλx−λy between two photometric systems is equal to Aλx − Aλy . The
shift effect of the effective wavelength can be corrected by applying an extinction correction
to the observed data, which depends on the extinction law and the amount of reddening
along the line of sight. According to Sanders et al. [38], the non-linear correction factor
for the color J − λ (denoted as NLJ−λ(EJ−K)) as a function of reddening EJ−K is defined
as follows:

NLJ−λ(EJ−K) = EJ−λ/EJ−K − EJ−λ/EJ−K|Aλ→0 (5)

We apply a correction for the typical non-linear effects by considering a K0III-type
stellar model described above, combined with the WD01 RV = 5.5 extinction law. The
observed colors of stars are corrected using the formula (J − λ) ← (J − λ) − EJ−K ×
NLJ−λ(EJ−K), where we approximate EJ−K as (J − K)− 0.65. The right panels of Figure 2
illustrate the variation of the non-linear correction factors NLJ−λ(EJ−K) for UKIDSS and
Spitzer/IRAC bands as a function of EJ−K.
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Figure 2. Left panels: The ratio of effective wavelength at AK to static wavelength at AK = 0
(λeff(AK)/λeff(AK = 0)) as a function of EJ−K . Right panels: The non-linear correction factor
(NLJ−λ(EJ−K)) as a function of EJ−K . The lines in different colors represent the filters of UKIDSS and
Spitzer. We adopted a stellar spectrum of a typical K0III-type star and extinction curve of the WD01
RV = 5.5 model.

4. Results and Discussions
4.1. Determination of AJ/AK

As mentioned in Section 3.1, in order to convert the color-excess ratio EJ−λ/EJ−K into
the relative extinction Aλ/AK, it is necessary to measure the NIR extinction law AJ/AK.
Utilizing the JHK photometric data from UKIDSS, we initially performed a linear fit on
the J − H vs. J − K color–color diagram, yielding (J − H) ≈ 0.612 × (J − K) + 0.098.
As depicted in Figure 3, it is evident that the best-fitting line exhibits an excellent linear
relationship with the observations, accompanied by minimal error. For comparison, we
divided the J − K dataset into bins with variable widths. We then calculated the mean and
standard deviation of the corresponding J − H values within each bin. It is clearly seen
that these mean points exhibit a remarkable alignment with the best-fit line by fitting the
observed data directly. The distribution of residuals in the histogram further confirms that
the fitting results do not exhibit significant systematic biases in relation to the data (see the
inset in Figure 3).

Previous studies have investigated the NIR extinction law in the Ophiuchus cloud by em-
ploying different methodologies and photometric systems [39–41]. Kenyon et al. [40] obtained a
value of EJ−H/EH−K = 1.57, while Naoi et al. [41] reported a range of EJ−H/EH−K = 1.60–1.69,
which exhibited slight variations depending on the location within the cloud. In our analysis us-
ing UKIDSS data in the Ophiuchus cloud, we derived a value of approximately
EJ−H/EH−K ≈ 1.58, demonstrating excellent agreement with their findings.

According to the conversion in Equation (2), using the derived EJ−H/EJ−K = 0.612± 0.001
and the static effective wavelengths for the UKIDSS JHK bands (λJ = 1.248 µm,
λH =1.627 µm, and λK = 2.188 µm, as shown in Table 1), we yield a power-law index of
α = 2.028± 0.015. Consequently, the extinctions for the J and H bands are determined
to be AJ/AK = 3.123± 0.027 and AH/AK = 1.824± 0.008, respectively. Previous studies
have reported varying values of AJ/AK, which depend on the interstellar environment
and the specific photometric system used in the telescopes. These studies include Rieke
and Lebofsky [42] who obtained AJ/AK = 2.52 toward the Galactic Center using the IRTF;
Indebetouw et al. [33], who reported AJ/AK = 2.50 by averaging two different sight-lines
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using the 2MASS survey; Nishiyama et al. [43], who found AJ/AK = 3.02 toward the Galac-
tic Center using the 2MASS survey; Fritz et al. [44], who derived AJ/AK = 3.07 toward the
Galactic Center using hydrogen lines; Gordon et al. [45], who derived the AJ/AK = 2.53 for
the average diffuse extinction; and Sanders et al. [38], who obtained AJ/AK = 3.23 toward
the inner region of the Milky Way using the VVV survey. In our study, we employ the
UKIRT photometric system, and the derived value of AJ/AK = 3.12± 0.03 will be used to
calculate the relative extinction Aλ/AK in other bands.
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Figure 3. The J − H vs. J − K diagram for sources observed by both Spitzer and UKIDSS in the
Ophiuchus cloud, where the color scale represents the number density. The black solid line denotes
the best linear fit to the points after a 3σ removal, whose parameters are also shown in the figure. The
3σ range is shown in dashed lines, and the outliers are shown in gray. The inset is the histogram of
the residuals between best-fit line and observed points.

4.2. Determination of Aλ/AK

To investigate the overall extinction law of the Ophiuchus cloud, we conducted an
analysis of the color–color diagrams depicting the relationship between J − λ and J − K
across various bands, as illustrated in Figures 4 and 5. The objective was to determine
the slope of the color–color relations through linear fitting, which represents the color-
excess ratio denoted as βλ = EJ−λ/EJ−K. In Figure 5, noticeable photometric outliers were
observed, characterized by unconventional colors, such as stars exhibiting (J − K) values
ranging from 0 to 2 mag but displaying significantly large (J − λ) values. These outliers
likely correspond to sources with infrared excess resulting from circumstellar dust. To
address this issue, a 3σ removal procedure was applied in a single iteration. Initially, all
data points were fitted, and the residuals between the points and the best-fit line were
calculated. Subsequently, data points beyond 3σ of the standard deviation of residuals
were excluded. As depicted in Figures 4 and 5, the gray points represent the outliers that
were not considered in the final fitting process. Following this removal step, the remaining
sources were refitted to obtain the definitive fitting results. The resulting color-excess ratios
βλ = EJ−λ/EJ−K are tabulated in Table 2.
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By utilizing the derived EJ−λ/EJ−K and AJ/AK = 3.12 ± 0.03, we employed Equation (1)
to calculate the extinction relative to the K band Aλ/AK. The calculated values are pre-
sented in Table 2. The uncertainties associated with Aλ/AK were determined by propa-
gating the uncertainties from both EJ−λ/EJ−K and AJ/AK. Additionally, for comparison
purposes, we computed the extinction Aλ/AK using AJ/AK = 2.50± 0.15 obtained from
Indebetouw et al. [33]. It is important to note that a smaller value of AJ/AK leads to a
flatter Aλ/AK relationship, resulting in larger values of Aλ/AK in the IRAC bands and
smaller values of Aλ/AK in the UKIDSS bands.

Figure 4. Color vs. color diagrams J − λ vs. J − K for UKIDSS Z and Y bands. The conventions of
symbols and lines are the same as in Figure 3.

Figure 5. Color vs. color diagrams J − λ vs. J − K for Spitzer/IRAC [3.6], [4.5], [5.8], and [8.0] bands.
The conventions of symbols and lines are the same as in Figure 3.

Figure 6 presented the extinction law derived for the Ophiuchus cloud in the wave-
length range of 0.8–8 µm. The extinction curves predicted by the WD01 models with
RV = 3.1 and RV = 5.5 [18] and previous measurements [22,35,38] of the infrared extinc-
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tion law are also shown for comparison. The WD01 models with RV = 3.1 and RV = 5.5 are
generally used to represent the extinction laws in the diffuse and dense ISM, respectively.
In the NIR (0.8–3µm), the predicted extinction laws from the WD01 models with RV = 3.1
and RV = 5.5 exhibit minimal differences. The derived Aλ/AK in the NIR also follow a
power-law form and are slightly steeper than the WD01 models. Our results lie between
the WD01 models and those of Sanders et al. [38]. These findings confirm that the NIR
extinction law may generally follow a universal power-law form, although the power index
α may vary due to differences in the interstellar environment or photometric systems.

Table 2. Results for the color-excess ratio βλ = EJ−λ/EJ−K , as well as relative extinction Aλ/AK

from AJ/AK = 3.12 of our adoption and AJ/AK = 2.50 of Indebetouw et al. [33].

Band βλ

Aλ/AK Aλ/AK

(AJ /AK = 3.12) (AJ /AK = 2.50)

Z −1.111 ± 0.003 5.475 ± 0.057 4.209 ± 0.317
Y −0.559 ± 0.002 4.305 ± 0.042 3.370 ± 0.234
H 0.612 ± 0.001 1.824 ± 0.008 1.550 ± 0.100

[3.6] 1.199 ± 0.002 0.578 ± 0.007 0.698 ± 0.030
[4.5] 1.238 ± 0.003 0.495 ± 0.008 0.639 ± 0.036
[5.8] 1.284 ± 0.003 0.398 ± 0.010 0.568 ± 0.043
[8.0] 1.255 ± 0.003 0.459 ± 0.009 0.612 ± 0.039
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λ
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K
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WD01 RV = 3.1

Sanders et al. (2022)

Wang & Chen (2019)

Ascenso et al. (2013)

Román-Zúñiga et al. (2007)

this work (AJ/AK = 3.12)

this work (AJ/AK = 2.50)

Figure 6. Comparison of the extinction laws derived in this work with previous determinations [16,22,35,38]
and model predictions [18]. The extinction Aλ/AK determined by adopting AJ/AK = 3.12 and
AJ/AK = 2.55 are shown with red and gray stars, respectively. The extinction laws as predicted from
models by WD01 RV = 3.1 and RV = 5.5 are displayed black solid and dashed lines, respectively.

In the MIR range of 3–8 µm, the extinction predicted by the WD01 RV = 5.5 model is
noticeably higher than that of the WD01 RV = 3.1 model. By using AJ/AK = 2.50 instead
of AJ/AK = 3.12, the derived values of Aλ/AK show an increase of approximately 33%,
43%, 29%, and 20% for the [3.6], [4.5], [5.8], and [8.0] bands, respectively. Consequently,
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the extinction law in the MIR appears to be significantly flatter than the prediction of the
WD01 RV = 5.5 model, as illustrated in Figure 6.

Previous studies by Ascenso et al. [22] and Román-Zúñiga et al. [16] have investigated
the extinction law in dark cloud cores using the color-excess ratio method. They employed
the value AH/AK = 1.55 from Indebetouw et al. [33] and derived a MIR extinction law
that was significantly flatter than the WD01 RV = 5.5 model. In contrast, Figure 6 in
our study demonstrates that our results, based on the adoption of AJ/AK = 2.50 from
Indebetouw et al. [33], closely resemble the extinction law obtained by Ascenso et al. [22].
It can be observed that when measuring the extinction law using color-excess ratio method,
employing different AJ/AK or AH/AK can lead to significantly different relative extinction
laws. Overall, by utilizing our derived value of AJ/AK for Ophiuchus cloud, our findings
reveal a notable characteristic of a flat MIR extinction. This measurement closely aligns
with the extinction curve predicted by the WD01 RV = 5.5 model [18] and is in agreement
with previous measurements [46,47].

4.3. Dependence on Extinction Depth

The observational data utilized in this study cover a wide range of extinction values
within the Ophiuchus molecular cloud, spanning approximately ∆(J − K) ≈ 7 mag. This
corresponds to an approximate extinction range of ∆AK ≈ 4.5 mag, considering an in-
trinsic color of (J − K)0 = 0.65 mag and assuming an extinction law of AK/EJ−K = 0.695
predicted by the WD01 RV = 5.5 model. The extensive coverage enables the investiga-
tion of variations in the extinction law within the same cloud as a function of extinction
depth. Following the division scheme proposed by Chapman et al. [46], the data in this
study are categorized into four sub-samples based on extinction: AK ≤ 0.5, 0 < AK ≤ 1,
1 < AK ≤ 2, and AK > 2. The corresponding observed color ranges are (J − K) ≤ 1.37,
1.37 < (J − K) ≤ 2.09, 2.09 < (J − K) ≤ 3.53, and (J − K) > 3.53. Subsequently, a linear
fit is performed for each sub-sample to derive the color-excess ratio EJ−λ/EJ−K, and the
results are presented in Table 3. It can be observed that, except for the sub-sample with
AK < 0.5, the variation of EJ−H/EJ−K with increasing AK is minimal, remaining approxi-
mately around 0.6. However, for the four Spitzer/IRAC bands, there is a noticeable trend
of EJ−λ/EJ−K decreasing with increasing AK.

Based on the obtained EJ−H/EJ−K values for each sub-sample as listed in Table 4,
we can further calculate the power-law index α and AJ/AK for the NIR extinction law
using Equation (2). By utilizing the derived AJ/AK values for each sub-sample, we are
able to calculate the extinction ratios Aλ/AK. These results are presented in Table 4 and
visualized in Figure 7. It is evident that the extinction law becomes flatter with increasing
AK. Specifically, the values of Aλ/AK in the NIR bands decrease, while those in the MIR
bands increase with increasing AK. Overall, our findings are consistent with the study
conducted by Chapman et al. [46], who also observed a similar trend of the extinction law
becoming flatter with increasing extinction. However, it should be noted that there are
significant uncertainties in the results of the sub-sample with AK > 2.

Table 3. Results for the color-excess ratio βλ = EJ−λ/EJ−K within various ranges of AK . The numbers
of sources used for each sub-sample are also listed.

Band
AK ≤ 0.5 0.5 < AK ≤ 1 1 < AK ≤ 2 AK > 2

βλ Number βλ Number βλ Number βλ Number

Z −1.065 ± 0.009 8348 −1.165 ± 0.012 5439 −1.000 ± 0.038 583 −1.893 ± 0.585 5
Y −0.539 ± 0.004 8710 −0.590 ± 0.007 5600 −0.521 ± 0.015 898 −0.539 ± 0.082 24
H 0.660 ± 0.004 8073 0.600 ± 0.005 6103 0.591 ± 0.008 1212 0.600 ± 0.018 103

[3.6] 1.144 ± 0.006 9128 1.229 ± 0.008 6100 1.207 ± 0.014 1211 1.158 ± 0.031 103
[4.5] 1.146 ± 0.007 9132 1.276 ± 0.010 6104 1.267 ± 0.016 1213 1.201 ± 0.031 103
[5.8] 1.164 ± 0.010 5730 1.347 ± 0.012 4064 1.349 ± 0.019 834 1.246 ± 0.034 102
[8.0] 1.168 ± 0.014 3151 1.315 ± 0.017 2225 1.260 ± 0.027 473 1.211 ± 0.035 77
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Table 4. Results for the relative extinction Aλ/AK within various ranges of AK .

AK ≤ 0.5 0.5 < AK ≤ 1 1 < AK ≤ 2 AK > 2

βH 0.660 ± 0.004 0.600 ± 0.005 0.591 ± 0.008 0.600 ± 0.018
α 2.777 ± 0.064 1.848 ± 0.075 1.713 ± 0.119 1.848 ± 0.270

AZ/AK 8.754 ± 0.357 4.945 ± 0.259 4.234 ± 0.355 4.644 ± 1.638
AY/AK 6.779 ± 0.265 3.897 ± 0.190 3.459 ± 0.267 3.771 ± 0.678
AJ/AK 4.755 ± 0.172 2.822 ± 0.119 2.617 ± 0.175 2.822 ± 0.430
AH/AK 2.277 ± 0.043 1.729 ± 0.038 1.661 ± 0.059 1.729 ± 0.138

A[3.6]/AK 0.458 ± 0.033 0.583 ± 0.031 0.665 ± 0.043 0.623 ± 0.088
A[4.5]/AK 0.452 ± 0.036 0.497 ± 0.038 0.568 ± 0.053 0.514 ± 0.103
A[5.8]/AK 0.384 ± 0.047 0.368 ± 0.047 0.436 ± 0.068 0.364 ± 0.123
A[8.0]/AK 0.369 ± 0.060 0.426 ± 0.049 0.580 ± 0.063 0.526 ± 0.111
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Figure 7. Comparison of the extinction Aλ/AK in various AK ranges. The extinction law as predicted
from models by WD01 RV = 3.1 and RV = 5.5 are displayed black solid and dashed lines, respectively.
The inset is the zoom-in view of the MIR extinction.

For the sub-sample with AK ≤ 0.5, we observed a greatly higher NIR color-excess
ratio of EJ−H/EJ−K = 0.66 compared to the sub-samples with AK > 0.5 where the ratio
was approximately EJ−H/EJ−K ≈ 0.6. Consequently, the calculated values of Aλ/AK in
the ZYJH bands for this sub-sample exhibited a steeper slope compared to the other sub-
samples. In general, the NIR Aλ/AK values exhibited a notable decrease with increasing
AK, except for the sub-sample with AK > 2, which displayed very large uncertainties. The
sources with AK ≤ 0.5 likely trace regions outside the dark clouds, while the sources with
AK > 0.5 are more likely to be located within the interior of the dark clouds. This finding
suggests that there is dust grain growth occurring with increasing extinction depth within
the dark clouds. However, it is worth noting that the Aλ/AK values for the sub-sample
with AK ≤ 0.5 in the Spitzer/IRAC bands demonstrated a very flat extinction law, which is
significantly flatter than the extinction law predicted by the WD01 RV = 3.1 model, and
only slightly smaller than the WD01 RV = 5.5 model. This suggests the presence of a
significant amount of large-sized dust grains in the outer regions of the dark cloud. One
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possible explanation for these observations is that the dust surrounding the dark cloud
has undergone evolutionary growth, not limited to the interior of the cloud itself. Another
hypothesis proposed by Ascenso et al. [22] is the influence of outflows generated by star
formation activities within the dark cloud.

The variability of extinction laws has been a subject of significant controversy in
previous studies. Equation (1) emphasizes the high sensitivity of the NIR color-excess
ratio to the effective wavelength chosen by photometric systems. Wang and Jiang [13]
pointed out that different photometric systems can lead to differences of more than 10%
when calculating α and AJ/AK. Previous investigations have utilized diverse photometric
filters, examined various interstellar environments, and explored a wide range of extinction
depths. Wang and Jiang [13] reported the universality of the NIR extinction law based on
2MASS photometry, finding EJ−H/EJ−K = 0.64 and α = 1.95. Meingast et al. [36] studied
the extinction law in Orion using Visible and Infrared Survey Telescope for Astronomy
(VISTA) data and obtained EJ−H/EJ−K = 0.636± 0.002, without discerning a significant
trend in the NIR extinction law with respect to extinction depth. However, Kenyon et al. [40]
discovered a trend of shallowing slope in the NIR extinction with increasing extinction,
which was subsequently confirmed by studies conducted by Naoi et al. [41,48]. In the
MIR regime, Chapman et al. [46] and McClure [49] investigated star-forming regions and
observed a flattening trend of Aλ/AK with increasing AK. In contrast, Xue et al. [50] did
not detect a noticeable trend in their measurements, which can be attributed to differences
in the studied targets. Specifically, Xue et al. [50] primarily focused on dust grains in the
diffuse ISM, whereas our study of the Ophiuchus cloud explores how a denser environment
promotes dust growth.

4.4. Spatial Variations across the Cloud

We now turn our attention to investigating the spatial variation of the extinction law
within the Ophiuchus cloud. The Ophiuchus region consists of multiple dark clouds,
namely L1712, L1689, L1709, and L1688, arranged in an east-to-west orientation (see
Figure 1). Additionally, we selected two regions located to the north and west of L1688, re-
ferred to as L1688N and L1688W, respectively. For each of these sub-regions, we performed
the fitting procedure and obtained the NIR extinction power-law index α by fitting the
J − H versus J − K color–color diagram. The color-excess ratios, βλ = EJ−λ/EJ−K, were
determined for the Spitzer/IRAC bands. Figure 8 displays the corresponding values of α
and βλ = EJ−λ/EJ−K for these sub-regions.

Our findings reveal variations in the NIR extinction law within the same cloud, with
differences exceeding 25%. Specifically, regions L1712, L1688N, and L1688W, characterized
by relatively low extinction, exhibit higher values of α compared to other regions. This
trend is consistent with the results presented in Section 4.3, where the sub-sample with
lower-extinction demonstrates the higher value of α compared to other high-extinction sam-
ples. In a previous study by Naoi et al. [48], it was noted that L1712 exhibits a larger value
of EJ−H/EH−K (1.68± 0.01) compared to L1688 (1.60± 0.01), based on observations using
the SIRIUS infrared camera on the IRSF 1.4 m telescope at SAAO. Stead and Hoare [34] in-
vestigated the NIR extinction slope using data from the UKIDSS Galactic Plane Survey and
found a nearly constant α value of 2.14 across different sightlines. Maíz Apellániz et al. [51]
argue that different measurement methods may contribute to the observed variations in
the NIR extinction, suggesting that the NIR extinction does not strictly follow a power
law. In a study by Nogueras-Lara et al. [52], it was observed that the α value for the JH
band (α = 2.43± 0.10) is larger than that for the HK band (α = 2.23± 0.03). This suggests
that the extinction in the K band tends to flatten, indicating that color-excess relationships
constructed based on the JHK bands, such as J − H vs. J − K or H − K, still require further
investigation.

Furthermore, we observed that the MIR color-excess ratio βλ = EJ−λ/EJ−K remains
relatively unchanged in the four dark clouds, namely L1712, L1689, L1709, and L1688,
which is consistent with the overall results obtained for the entire Ophiuchus molecular
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cloud in Section 4.2. However, the other two regions, L1688N and L1688W, exhibit relatively
lower values of βλ. These regions are located outside the dark clouds and have lower levels
of extinction. This finding aligns with the conclusions presented in Section 4.3 and further
supports the hypothesis of dust growth toward the inner regions of the dark clouds.

1.5

2.0

2.5
α

(a)

1.0

1.2

1.4

β
[3
.6

]

(b)

1.2

1.4

β
[4
.5

]

(c)

1.2

1.4

β
[5
.8

]

(d)

L17
12

L17
09

L16
89

L16
88

L16
88

N

L16
88

W

1.2

1.4

β
[8
.0

]

(e)

Figure 8. The panels show the NIR extinction power-law index α (panel a) and color-excess ratios
βλ = EJ−λ/EJ−K in the Spitzer/IRAC [3.6], [4.5], [5.8], and [8.0] bands (panels b–e) for the sub-
regions of Ophiuchus cloud as defined in Figure 1. The gray dashed lines represent the overall values
of the parameters for the entire Ophiuchus cloud, as listed in Table 2.

5. Conclusions

In this study, we investigated the infrared extinction law of the nearby Ophiuchus
molecular cloud using the NIR data from UKIDSS GCS and the MIR data from Spitzer
c2d survey. To accurately analyze the observed colors, we carefully considered the non-
linear effects arising from the response curves of the filters. We applied corrections based
on the extinction law with WD01 RV = 5.5 and incorporated stellar template spectra.
Employing the color-excess ratio method, we derived the relative extinction law Aλ/AK for
the Ophiuchus molecular cloud, covering the UKIDSS ZYJHK bands and the Spitzer/IRAC
[3.6], [4.5], [5.8], and [8.0] bands. Additionally, we investigated the variations of the
extinction law in relation to the depth of extinction and the spatial environment of the
cloud. Our study yields the following main conclusions:

1. We obtained the UKIDSS NIR color-excess ratios for the entire Ophiuchus cloud
to be approximately EJ−H/EJ−K ≈ 0.612, corresponding to AJ/AK ≈ 3.123 and
AH/AK ≈ 1.824 when assuming a power-law NIR extinction law. The relative



Universe 2023, 9, 364 14 of 16

extinctions, compared to the K band, were also calculated for other wavelength bands,
and the measurement results are summarized in Table 2. Additionally, we observed
that the derived MIR extinction law in the ∼3–8µm range exhibits a flat behavior
and closely resembles the WD01 model extinction law with RV = 5.5. In contrast, the
NIR extinction law exhibited a steeper slope compared to the extinction law of WD01
RV = 5.5.

2. We examined the variation of the extinction law with increasing extinction depth by
analyzing the average extinction laws of four sub-samples classified into different
extinction bins: AK ≤ 0.5, 0 < AK ≤ 1, 1 < AK ≤ 2, and AK > 2. Instead of assuming
a uniform value of AJ/AK, we calculated the specific AJ/AK for each sub-sample
using EJ−H/EJ−K and then derived Aλ/AK for other wavelength bands. Our analysis
revealed a noticeable trend of a flatter extinction law from the NIR to MIR bands
as the extinction increased. This observed trend is consistent with previous studies
conducted by Naoi et al. [41] and Chapman et al. [46].

3. We also discussed the spatial variation of the extinction law within the Ophiuchus
molecular cloud. Our analysis revealed no significant difference in the MIR extinction
law among the four dark clouds, namely L1712, L1689, L1709, and L1688. However,
we observed noticeable variations in the extinction law for the regions located outside
the dark clouds, specifically L1688N and L1688W. These regions exhibited a lower
color-excess ratio EJ−λ/EJ−K in the Spitzer/IRAC bands. These findings provide
further support for dust growth in the dense regions of the Ophiuchus cloud.
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