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Fig. 1. Instrumental profile of a high-resolution spectrograph.
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Fig. 2. (a) Data points within a single segment (using the LFC spectrum as an example); (b) stacked Dip .
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Fig. 4. Fitting results of different models for Order 100, Segment 4.

040404-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B 3R Acta Phys. Sin. Vol. 75, No. 4 (2026) 040404

(a) 100 290.5
219.7

148.9 %

Order

78.1

7.3

Segment

(b) 100 290.5
219.7

148.9 3

Order

78.1

7.3

1 3 5 7 9 11 13 15
Segment

B 5 ASHEBAE B IP B x2 EHRE () m i
(b) GPR i &l
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Abstract
High-resolution spectrographs are central to modern exoplanet research, particularly effective for detecting

Earth-like planets with radial velocity (RV) signals of only a few tens of centimeters per second. To achieve this

level of accuracy, high-precision wavelength calibration is required. A key factor in this process is the modeling
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of the instrumental profile (IP), which describes the response of the spectrograph to incident light. The true IP
of a high-resolution instrument is often complex. It may display asymmetric or extended wings and undergo
change on the detector because of optical aberrations, variations in fiber illumination, and environmental effects.
These features lead to systematic errors in the measured line centers when traditional parametric models such
as Gaussian functions are used, and they limit the achievable RV precision.

In this work, a non-parametric IP modeling method is adopted based on Gaussian process regression
(GPR). The IP is treated as a smooth function with a flexible covariance structure, without being constrained
by a predefined analytic form. GPR learns both the global structure and small-scale features of the line shape
directly from the data. Since the IP varies slowly across the detector, the method divides each spectral order
into several consecutive spatial segments. Each segment is fitted independently, and can capture local
variations. The model includes measurement uncertainties and provides a probabilistic description of the IP.
Adjacent segments are connected through smooth interpolation to ensure a continuous IP throughout the entire
order. Model performance is evaluated using reduced chi-squared and root mean square error (RMSE), enabling
quantitative assessment and comparison with traditional approaches.

The method is tested using laser frequency comb (LFC) exposure from the fiber-fed high resolution
spectrograph (HRS) on a 2.16 m telescope at Xinglong Observatory. The LFC generates a dense and highly
stable set of emission lines, which is well suitable for validating IP reconstruction. Three experiments show clear
and consistent improvements. Using odd-numbered lines to predict even-numbered ones within a single exposure
reduces the RMSE by 35.6% compared with a Gaussian model, showing better determination of line centers.
Applying an IP model trained on one exposure to a later exposure reduces the RMSE by 42.5%, demonstrating
improved stability when the model is transferred between exposures. A comparison between two channels under
the same exposure conditions shows a 37.1% improvement in calibration consistency, indicating reduced
channel-to-channel systematics.

The results from this study show that GPR provides a more accurate description of the instrumental profile
and its spatial variation than traditional parametric models. The improved reconstruction of the IP leads to
more accurate line center measurements and a more stable and precise wavelength solution. This capability is
important for advancing the RV precision of high-resolution spectrographs toward the centimeter-per-second
level. The GPR provides a promising method for modeling instrumental profiles and supports the precision

required for detecting Earth-like exoplanets.
Keywords: high-resolution spectrograph, instrumental profile, wavelength calibration, Gaussian process

DOI: 10.7498/aps.75.20251426 CSTR: 32037.14.aps.75.20251426

040404-11


http://doi.org/10.7498/aps.75.20251426
https://cstr.cn/32037.14.aps.75.20251426
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BT AR E 5 R R0 RO U SR R R
SRR BN WEE TR HE EF HRRR HA

Instrument profile modelling of high—resolution spectrograph based on Gaussian process regression

LI Buwei TANG Liang LU Yanting YE Huigi HANJian ZHAlIYang CHEN Junyuan XIAO Dong
5] Fi{ &, Citation: Acta Physica Sinica, 75, 040404 (2026) DOI: 10.7498/aps.75.20251426

CSTR: 32037.14.aps.75.20251426

TELR T2 View online: https://doi.org/10.7498/aps.75.20251426

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

LA - BRI e B o PR BT 1k
Telecentric in—line—and-off—axis hybrid digital holographic high—resolution reconstruction method

PyFEEEAR. 2021, 70(15): 154202 hitps:/doi.ore/10.7498/aps.70.20210190

AR FH 3t 5 7 R LI A R 2T BB AR RN IR U AR CCL B A N 25 AR A AR

Detection of atmosphere CCl,F, spatio—temporal variations by ground-based high resolution Fourier transform infrared spectroscopy

PFEEEAR. 2021, 70(20): 200201 hitps:/doi.ore/10.7498/aps.70.20210640

195 PR G LT S 3 0 S 1A g it SR M — AR B

Design of high-resolution wide—range continuously variable thrust ion thruster and its space—earth integrated verification

YrE2E 4. 2025, 74(20): 205205  https://doi.org/10.7498/aps.74.20250841

PR IR A BOUGE AR SRk
Review of high-resolution 2—dimensional diffusion magnetic resonance imaging techniques

WIFRZEAR. 2025, T4(11): 118703 https:/doi.org/10.7498/aps.74.20250235

KUEEEH1 R G 5 T IR S A A2 1A 1o 0 H R o 1 Ja

Ultrahigh—resolution mass sensing based on bound states in continuum domain in double—cavity optomechanical system

YIHAA. 2025, 74(13): 134201 hitps://doi.org/10.7498/aps.74.20250063

AR RS ] 23 HE A R B S8 50 S8 B GO0 L B8

Optical design of sub—angular second spatially resolved solar extreme ultraviolet broadband imaging spectrometer

YIBR2F4R. 2024, 73(3): 039501  hitps://doi.org/10.7498/aps.73.20231481


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20251426
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210190
https://doi.org/10.7498/aps.70.20210190
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210640
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210640
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210640
https://doi.org/10.7498/aps.70.20210640
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250841
https://doi.org/10.7498/aps.74.20250841
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250235
https://doi.org/10.7498/aps.74.20250235
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250063
https://doi.org/10.7498/aps.74.20250063
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231481
https://doi.org/10.7498/aps.73.20231481

	1 引　言
	2 高分辨率光谱仪的仪器轮廓及其数学模型
	2.1 高分辨率光谱仪的仪器轮廓
	2.2 仪器轮廓的数学模型

	3 基于高斯过程回归的仪器轮廓建模
	3.1 数据预处理
	3.2 建模流程
	3.3 建模精度评估
	3.4 任意位置仪器轮廓生成

	4 216HRS光谱仪的仪器轮廓刻画与应用
	4.1 2.16 m望远镜高分辨率光纤光谱仪
	4.2 基于GPR方法的仪器轮廓建模
	4.2.1 局部建模结果
	4.2.2 段模型评估
	4.2.3 原始谱线拟合

	4.3 利用仪器轮廓模型提高波长定标精度
	4.3.1 波长解的建立
	4.3.2 奇偶梳齿验证
	4.3.3 临近光梳曝光的波长解验证
	4.3.4 双通道波长解验证


	5 结　论
	参考文献

