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Abstract

The Echelle spectrograph operating at Vainu Bappu Telescope (VBT)

is a general-purpose instrument designed for high-resolution spectroscopy.

It was considered for precision Radial Velocity (RV) measurements without

altering the existing design and primary usage. The design level limitations

and environmental perturbations at the spectrograph constitute a significant

source error for precise RV studies. Initially, the inherent stability of the

spectrograph was estimated. From the results of the stability analysis, a few

upgrade activities at the spectrograph were taken up. As part of the upgrade,

an autoguider was installed at the telescope prime focus. Along with this,

the wavelength calibration unit was upgraded; the alignment errors of the

instrument were also corrected. With these enhancements, the stability of

the spectrograph was improved from ± 1 pixel (1000 ms−1) to ± 0.4 pixel

(400 ms−1).

The next major limitation that was addressed is the lack of repeatability

of moving components in the spectrograph. For this purpose, the Zemax

model of the spectrograph was developed as a reference. ThAr spectral lines

obtained from observations were evaluated with respect to the Zemax refer-

ence positions, to estimate the drifts in the components. Apart from this, to

eliminate the instrumental drifts during observations, an iodine absorption

cell was integrated with the spectrograph. A generic algorithm was devel-

oped that uses iodine exposures to correct for the instrumental drifts from

RV estimates. Finally, with all the upgrades mentioned above, the RV pre-

cision limits of the spectrograph were pushed to a few 10-100 ms−1 regime.

The technique was validated on a well-studied exoplanet-hosting star. Later,

efforts were made towards the implementation of the iodine cell forward mod-

elling technique to push the RV precision limits to a few ms−1 level. The

procedure was validated using synthetic stellar spectra. The algorithm was

developed on an open-source platform in Python to increase the accessibility

of the approach.
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Chapter 1

Introduction

This chapter gives a brief overview of the exoplanet detection techniques with

particular emphasis on Radial Velocity (RV) measurements. In this context,

the role played by two-metre class telescopes is highlighted. Section 1.1 out-

lines primary detection techniques of exoplanetary systems. The research in

the thesis was focused on the RV method that is described in detail in Section

1.2. Review of major methodologies used in precision RV measurements of

exoplanets is presented in Section 1.3. Section 1.4 explains about the im-

portance of two-metre class telescopes in the RV follow-up observations of

transit detection. Finally, the thesis outline is presented in Section 1.5.

1.1 Exoplanet detection techniques

In the past two decades, the advancements in observational and detection

techniques, have led to progressive discoveries in the field of exoplanets. On

June 13, 2019, the confirmed exoplanet count had crossed the 4000 mark.

The large assembly of detected exoplanets shows minimal resemblance in

terms of the architecture of the planets present in the solar system. A single

observational technique cannot identify such a wide range of planets. Several

detection techniques were developed to accommodate this vast diversity of
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exoplanets. Figure 1.1 shows the histogram of the exoplanets detected over

the last 20 years using various detection techniques. Imaging is the only di-

rect detection technique of exoplanets; the rest of the methods are for indirect

detection. Majority of the planets are detected using indirect methods, tak-

ing into consideration their effect on the host stars. The primary detection

techniques are the radial velocity method, transit observations, astrometry,

direct imaging, and microlensing [Fischer et al. (2014)]. These techniques are

reviewed below:

Figure 1.1: The cumulative number of exoplanets detected until June 2019. It was
estimated that 4003 confirmed exoplanets were detected as of 13th June 2019. Image
courtesy: NASA Exoplanet archive

� Radial Velocity: The gravitational effect of the planet on the host

star results in the star orbiting around the barycentre of star-planet

system. Owing to the high mass of the star as compared to the planet,

usually, the barycentre lies either within or in the proximity of the

star. Due to this orbit around the barycentre, the RV of the star varies

periodically with respect to the observer. The barycentric reflex motion
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of the star can be monitored using the Doppler shift in stellar spectral

lines. Periodicity in the measured RV of the star confirms the existence

of an orbital companion. The mass of the companion is estimated from

the RV measurements. The distinction of whether a planet exists or

if a binary star is present in the host star orbit is made with the help

of the mass of the companion. If the companion’s mass is less than 13

times the Jupiter mass, the orbital companion is considered as a planet

[Rice (2014)].

� Transits: The passage of the planet between the Earth and the host

star results in diminishing of the observed luminosity of the star. Thus,

the dimming of starlight at regular and fixed time intervals indicates

the probable presence of a planet in the transit. The amount of decrease

in the observed luminosity of the starlight provides an estimate on the

ratio of the size of the planet with respect to the host star. Transit

photometry provides an account of the size of the exoplanet orbiting

the host star.

� Astrometry: The presence of the planet results in perturbations in

the position of the host star. The reflex motion of the star due to the

presence of the planet is studied using astrometry. From the analysis,

information regarding the mass of the planet and the inclination of the

orbit is derived. Similar to the RV effect, if there is a periodicity in

the positional variation of the star, then it ascertains the presence of a

planet.

� Direct imaging: Direct imaging requires masking of the starlight to

obtain a high contrast necessary to image the planet. This technique

is the most challenging way of detection of an exoplanet. The greatest

challenge arises due to the effect of the residual scattered light from the

host star on the planet. One of the techniques to eliminate the effect

of the host-star on the image of the planet includes post-processing of
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the obtained image.

� Microlensing: Microlensing is a scenario that occurs when a fainter

star passes in the line of sight of a distant bright star. Due to the effect

of gravitational microlensing, the fainter star bends the light from the

distant star, resulting in the magnification of the bright star in the line

of sight. During this course of time, if the fainter star has a planet

revolving around it, the effect is seen in the observed light curve from

the distant star. The light curve will have a secondary peak due to the

presence of the planet depending on the distance and the mass of the

planet from the host star.

1.2 Radial Velocity method

The motivation of the thesis was to implement precision radial velocity mea-

surements on the Echelle spectrograph operating on a two metre class tele-

scope at Vainu Bappu Observatory. The first proposal of high precision stel-

lar radial velocity measurements of stars for the discovery of an exoplanet

was made by Otto Struve [Struve (1952)]. As explained earlier, this method

employs the measurement of subtle Doppler shifts in the absorption lines of

host stars (arising due to the gravitational interaction between the planet

and the star) for the detection of the exoplanets. This approach is known to

be the first successful method for the detection of exoplanets around Sun-like

stars [Mayor & Queloz (1995)]. The first detected and confirmed planet, 51

Pegasis has an orbital period of 4.23 days and marked a crucial juncture in

the study of exoplanets [Mayor & Queloz (1995)]. The planetary information

obtained using the RV method is the orbital period of the planet, semi-major

axis, eccentricity, and the minimum mass of the planet.

Apart from the detection and characterisation of exoplanets, RV measure-

ments are significant in many areas of astronomy. Precision in differential

radial velocity measurements is crucial in deriving the information about
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binary and pulsating stars [Walker et al. (2003)]. Also, precise RV measure-

ments are used in the analysis of the expansion of the Universe [Liske et al.

(2008)]. Variability of fundamental constants is another important area of

research which requires extended observations of the tiny Doppler shifts of

distant sources, measured with extreme precision and accuracy [Curto et al.

(2010); Murphy et al. (2008)].

1.3 Precision in RV measurements

The main challenge in achieving the precision in RV measurements is that

a typical spectrograph does not have the inherent thermal and mechanical

stability to the level of 10 ms−1 [Hatzes et al. (2010)]. These shifts from the

instrument act as a dominant source of limitation for the detection of exo-

planets with the RV method. As per the conventional wavelength calibration

approach, ThAr observational frames are taken either before or after star

observations. Thus, there is a constraint in the methodology to track shifts

from the instrument during the observations. The solution to correct for the

shifts is to record the wavelength calibration source simultaneously with the

star spectrum. Simultaneous calibration technique was initially proposed by

Griffin & Griffin (1973). They proposed to use telluric lines as the wave-

length calibration source and achieved precision in RV of 10 ms−1. However,

the relative positions of the telluric lines change with time due to atmospheric

pressure and temperature variations [Marcy & Butler (1992)]. Thus, there

is a limitation of using the telluric lines to measure the tiny Doppler shift in

the stellar spectrum. The success of precision RV measurements is marked

after the advent of the following two significant techniques.

1.3.1 Iodine absorption cell technique

Iodine absorption cell technique was pioneered for stellar radial velocity mea-

surements by Marcy & Butler [Marcy & Butler (1992)]. The iodine cell ap-
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proach was developed as an extension to the HF gas cell and telluric technique

[Campbell & Walker (1979); Griffin & Griffin (1973)]. The iodine gas has

absorption features from 5000 - 6000 Å and it is transparent in the other

wavelength regions of the star spectrum. Iodine gas has the advantage of

being non-lethal compared to HF gas used by Campbell & Walker. The cell

produces dense absorption features with an absorption path length of 10 cm.

The iodine gas is sealed in a glass chamber and placed at the entrance slit of

the spectrograph. The starlight is passed through the gas cell, and the ab-

sorption spectrum of the starlight is superimposed on the iodine absorption

lines. The gas cell is thermally stabilised to maintain the absorption spectrum

resistant to external changes. Iodine technique was first implemented in the

Lick-Hamilton spectrograph. Figure 1.2 shows the iodine cell employed in

the Lick-Hamilton spectrograph. The precision achieved by using the iodine

cell in RV measurements is around 3 ms−1 [Butler et al. (1996)].

Integration of the iodine cell with the spectrograph is relatively more

accessible due to the size and space required at the entrance slit of the spec-

trograph. However, the complexity of the iodine technique arises due to the

computationally intensive forward modelling algorithm used to extract the

Doppler shift of the star. The initial step is to obtain high-resolution tem-

plate spectrum of iodine gas (TI2) present in the cell using Fourier Transform

Spectrograph (FTS). This high-resolution spectrum is used not only to obtain

the wavelength reference but also to estimate the Instrument Profile (IP) of

the spectrograph. The IP is estimated using the observations of hot, rapidly

rotating B-type star obtained with the iodine cell in the beam path. Fast ro-

tating B-type stars do not have (or have a very few) spectral features due to

their rapid rotation. Thus the passage of the starlight through the iodine cell

results in the iodine spectrum at the output. The observed iodine spectrum

is compared with the high-resolution FTS template to model the Instrument

Profile of the spectrograph. Finally using the estimated IP, the template

spectrum of the star (for which the RV is to be estimated) is constructed. In

order to obtain the template spectrum, a high Signal-to-Noise Ratio (SNR)
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Figure 1.2: The iodine absorption cell placed at the entrance slit of the Lick-Hamilton
spectrograph. The iodine cell is thermally stabilised to 50±0.1◦C to impose stable absorp-
tion lines on the stellar spectrum. The cell acts as a transmission filter in the beam path
of the starlight. Image courtesy: LaurieHatch.com

spectrum of the star is taken without the cell in the beam path. The IP

estimated is deconvolved from the stellar spectrum to obtain the intrinsic

star spectrum (IS). For the RV measurements, the composite spectrum of

the star taken with the iodine cell in the beam path is analysed. Equation

1.1 shows the modelling of the composite spectrum (Iobs) obtained with the

iodine absorption cell. The observed spectrum is modelled as the product

of the intrinsic stellar spectrum (IS) and the transmission function of Iodine

(TI2), convolved with the IP of the spectrograph. The Doppler analysis is

done on individual wavelength chunks of 2 - 5 Å [Butler et al. (1996); Marcy

& Butler (1992)]. More details on the estimation of the Doppler shift using

the forward modelling approach is given in Chapter 5.
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Iobs(λ) = k[TI2(λ)IS(λ+ δλ)] ~ IP (1.1)

1.3.2 Simultaneous Thorium Argon (ThAr) technique

Another successful technique employed for precision RV measurements is the

usage of a dual fibre to observe ThAr lamp light and starlight simultaneously.

This technique was first implemented on the ELODIE spectrograph [Baranne

et al. (1996)]. High Accuracy Radial velocity Planet Searcher (HARPS) is

the first spectrograph dedicated for precision RV measurements installed on

the 3.6-m telescope of European Southern Observatory at La Silla Observa-

tory, Chile [Mayor et al. (2003)]. The spectrograph engages state of the art

instrumentation utilising a simultaneous ThAr technique for wavelength cal-

ibration. The precision in RV measurements has been pushed to a range of

sub ms−1 (0.8 ms−1) due to HARPS spectrograph [Lovis et al. (2006a)]. The

high precision is achieved due to improvement in the stability of the spec-

trograph. The spectrograph is vacuum stabilised to maintain thermal and

mechanical stability. The thermal stability of the spectrograph is ensured

within several mK. Figure 1.3 shows the spectrograph inside the vacuum

chamber. The decoupling of the guiding errors and the image stabilisation

at the fibre are ensured using a double scrambler.

In this technique, the calibration spectrum is analysed for the instru-

ment drifts in the spectrograph. From the estimate of the shifts in the ThAr

spectrum, the star spectrum is corrected. The efficiency of this approach is

ensured due to the thermal, optical and mechanical stability of the spectro-

graph and the fibre feeding mechanism.

1.3.3 Comparison of simultaneous ThAr and iodine

technique

In the case of iodine technique, the iodine spectrum is superimposed on

the star spectrum. This results in a composite spectrum that contaminates
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Figure 1.3: HARPS spectrograph installed at the 3.6 m telescope at La Silla Observatory.
The spectrograph is placed inside a vacuum chamber to ensure the thermal stability within
several mK. Also, the effort to minimise the mechanical vibrations and their impact on
final RV measurements improved the instrument precision. Image courtesy: ESO

the star features. It is computationally intensive to extract Doppler shifts

(from the composite spectrum) in the iodine technique compared to the ThAr

approach. Apart from that, the losses due to the introduction of the glass cell

in the beam path in the iodine technique would result in a reduced efficiency.

Also, iodine exists in a wavelength range of 5000 - 6000 Å. The limitation

on the usable wavelength domain restricts the Doppler information in other

spectral regions [Lovis & Fischer (2010)].

However, the constraint in the ThAr approach is the limited lifetime of

ThAr lamps. In comparison to the iodine gas sealed in a glass chamber

that does not change with time; the ThAr lamps lack the durability. In the

case of Ar lines, the ageing effect results in variations in the intensities of

the spectral lines. Argon lines are highly saturated, and the ageing induces

wavelength shifts to a level of a few tens of ms−1. Apart from this, the Ar

lines are saturated and spillover onto the next orders. These reasons resulted

in the exclusion of Ar lines in the wavelength calibration procedure. [Lovis &

Fischer (2010)]. Also, the iodine spectra can be used not only in wavelength
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calibration but also to model the instrument profile of the spectrograph.

As the intrinsic width of the ThAr lines is broader compared to the iodine

lines, they cannot be utilised in estimating the IP. The major limitation

of employing ThAr technique is due to the costs associated in stabilising

the spectrographs. Apart from that, the ultra-stable spectrographs are to

be combined with advanced data reduction and analysis algorithms. These

features make an iodine absorption cell approach a suitable alternative for

existing general-purpose spectrographs. Also, conventional spectrographs are

designed for single fibre input, whereas, ThAr approach requires dual fibre

to be installed at spectrograph assembly. The iodine absorption cell does not

have the requirement of the dual fibre; thus, it can be implemented on the

existing spectrographs without major design level changes.

The Echelle spectrograph operating at Vainu Bappu Telescope (VBT)

was not designed for precision RV measurements. The spectrograph was

intended to be employed for precision studies without affecting the existing

functionality. In this scenario, the iodine cell can be installed at the entrance

slit of the spectrograph without significant optical changes in the instrument.

Apart from this, the spectrograph was designed for single fibre input. Also,

installing a dual fibre was not feasible as the order gaps were not sufficient to

accommodate the second fibre light. Taking into account these factors, the

iodine absorption cell technique was implemented on the spectrograph. The

objective of the thesis is to upgrade and utilise the Echelle spectrograph on

Vainu Bappu Telescope for precision RV measurements. The spectrograph is

studied for the feasibility of precise RV measurements.

1.4 Role of two-metre class telescopes in pre-

cision RV followup observations

Building and operating a high precision spectrograph dedicated to RV stud-

ies is still uncommon. Further, the telescope time at these high-end facilities
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is oversubscribed. A dedicated RV spectrograph may not even be a pre-

ferred option for many observatories focusing on various other science cases

and legacy programmes. However, already established and operational, small

telescopes with high-resolution spectrographs can be easily adapted to ad-

dress some exoplanet science cases such as a search for short-period giant

planets, RV follow-up and characterisation of hot-Jupiter detected around

bright stars, the study of pulsating stars etc. [Bouchy et al. (2009); Mkr-

tichian et al. (2008)].

One of the significant areas of research where RV follow-up observations

are found useful is transit detection. In order to completely characterise the

orbital parameters of the planet, two or more techniques need to be combined.

From the existing techniques, RV and transit observations are proved to be

more prolific in the number of exoplanets detected [J. Wei (2018)].

1.4.1 Transit detection of exoplanets

Theoretically, transit detection is one of the easiest method and it is the

most successful technique of detecting exoplanets [Deeg & Alonso (2018)].

As discussed earlier, once the planet passes between the host star and the

Earth, there will be dimming of the starlight as a result of the planet transit.

Due to the orbital motion of the planet, there will be periodic attenuation

of the light curve of the star. Taking into account the constraints from the

line of sight and the orbital inclination of the planet, this detection technique

is more suitable for planets with short orbital periods. The first exoplanet

detected using transit method was HD 209458b [Charbonneau et al. (2000),

Henry et al. (2000)]. In addition to ground-based observations, the increase

in space-based transit searches intends to find low-mass planetary candidates.

The boost in the number of exoplanets detected came from the space-based

instruments like Kepler space telescope [Basri et al. (2005)], COROT space

mission [Bordé et al. (2003)], and NASA’s ongoing Transiting Exoplanet

Survey Satellite (TESS) [Ricker et al. (2014)]. The transiting exoplanet light
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curve gives an estimate on the following parameters of the planet: planet size

from the depth of the transit, transit duration, the period of the planet, and

the ingress/egress duration.

1.4.2 RV follow-up for transit detection

Even though the transit method is a straightforward technique, there is a

chance of very high false positives [O’Donovan et al. (2006)]. Thus, the

transit technique requires follow-up RV observations to confirm the orbital

companion. In light of rapid exoplanet discoveries ushered by the current

and the future transit missions, the RV follow-up studies from the ground

based telescopes have assumed paramount importance.

The spectrographs operating on small telescopes are initially employed in

determining the temperature Teff , spectral type and the stellar radius of the

star. Before estimating the planetary information, the radial velocity of the

star is determined in two opposite phases of velocity [Kabath et al. (2019)].

This step is essential in evaluating the nature of the planetary system for

RV-followup. From observations on all the phases of the planetary orbit, the

mass (m·sin i) and the orbital parameters of the planet such as orbital period

and eccentricity are obtained.

In this scenario, it is appropriate to utilise the existing spectrographs op-

erating on small telescopes with a moderate RV precision of 10 -100 ms−1 for

science cases such as [Csák et al. (2014)]: (i) confirmation of the presence

of hot Jupiter exoplanets, (ii) refining orbital parameters of the companions,

(iii) verification of false positives in transit measurements, (iv) study of binary

or pulsating stars. The importance of using a network of small telescopes for

Doppler studies had been discussed by Mkrtichian et al. (2008).
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1.5 Thesis outline

The Echelle spectrograph operating at Vainu Bappu Telescope (VBT) was

designed to carry out general-purpose high-resolution observations. However,

with the emergence of new research areas, there was a broader interest among

the astronomical community to expand the scientific capability of the spec-

trograph. One particular area of interest is to utilise the spectrograph for

precision RV measurements for the study of exoplanets. For this purpose, the

capabilities of the spectrograph were evaluated. From the analysis, the limi-

tations of the spectrograph were estimated. Later, the spectrograph features

were upgraded for precision studies without affecting the existing function-

alities. An Iodine absorption cell was integrated with the spectrograph for

improving the precision in RV measurements. The thesis is classified into the

following chapters.

Chapter 2: Stability analysis of the Echelle spectro-

graph at VBT

The requirements from a spectrograph for precision RV measurements are

discussed in this chapter. The limitations of the spectrograph from the build

and usage phases are detailed. The inherent sensitivity of the spectrograph

was analysed. This estimate was done using a series of calibration frames

taken with the Th-Ar lamp. The time-series data were analysed with the

cross-correlation method, and the shift in Th-Ar emission lines was accu-

rately measured across different Echelle orders. In this chapter, the analy-

sis, methodology and the stability results of the spectrograph are presented.

From the results, possible sources of error were identified, and measures were

taken to improve the stability of the spectrograph. The initial limitations

and the upgrades on the spectrograph are detailed in this chapter.
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Chapter 3: Estimation of the zero-point drifts of optical

components

The Zemax based optical design of the spectrograph was analysed for design

level limitations of the instrument. This chapter details the limitations such

as vignetting and distortion present in the optical design. Along with that,

the optical components were analysed for the sensitivity in the positioning

for RV measurements. This chapter discusses the technique and the results

of the sensitivity analysis. The Zemax model of the spectrograph was utilised

to overcome the uncertainty in the zero-positioning and lack of repeatability

of the moving components. The Zemax model uses the reference observations

taken with the ThAr emission lamp to predict the drifts in the components.

The perturbations of the optical components (obtained by comparing the

ThAr observations with the Zemax model) from the nominal position were

corrected at the beginning of the observational run. In this chapter, the

estimation of the perturbations of optical components and the effect on the

RV obtained are presented.

Chapter 4: Instrument drift elimination using Iodine

absorption cell

In this chapter, the details about the iodine absorption cell and its integration

with the spectrograph is discussed. The iodine absorption cell was used to

track and eliminate the drifts in the instrument to facilitate precision radial

velocity observations. Furthermore, we developed a generic algorithm that

uses iodine exposures to extract the stellar radial velocities without the need

for sophisticated forward modelling. The details of the algorithm and the

results obtained by measuring the RV signal of a well-known short-period,

planet-hosting star are discussed.
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Chapter 5: Iodine cell forward modelling approach

This chapter discusses the algorithm used in the conventional iodine tech-

nique for RV measurements. A forward modelling technique using the high

resolution transmission spectrum of iodine absorption cell along with syn-

thetic stellar spectrum was developed. The approach was developed on an

open-source platform to improve the accessibility of the technique to the as-

tronomical community. The procedure was validated and discussed in detail

in the chapter. Along with that, synthetic spectra of the star along with

high-resolution template spectrum of the iodine cell was used to analyse the

spectrograph requirements for the precision RV measurements. As part of

this, the effects of Signal to Noise Ratio (SNR), wavelength coverage and

resolving power of the spectrograph were analysed as a function of precision

in RV. The errors in the RV measurements as a function of spectrograph

features are presented in this chapter.

Chapter 6: Conclusion and Future work

This chapter summarises the thesis with the discussion on the RV results

obtained from the Echelle spectrograph at VBT. A brief discussion on the

future work is presented.
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Chapter 2

Stability analysis of the Echelle

spectrograph at VBT

Sireesha Chamarthi, Ravinder K. Banyal, S. Sriram, Gajendra Pandey, in

Journal of Optics, 47, 195–201 (2018).

2.1 Introduction

The 2.3-metre Vainu Bappu Telescope (VBT) in Kavalur, India, is equipped

with an integrated fibre-fed high-resolution Echelle spectrograph [Rao et al.

(2005)]. The light reflected from the f/3 primary mirror of VBT is injected

into a 100 µm multimode optical fibre located at the prime focus of the

telescope. The fibre carries the starlight into the spectrograph room where

the beam exiting the fibre is collimated using an f/3 relay optics and focused

on the slit by an f/5 system. A collimator assembly inside the spectrograph

accepts the f/5 beam from the slit and directs the collimated beam onto the

cross-dispersing prism. The vertical dispersion of the light is attained with

the help of the prism. The Echelle grating is set up for the dispersion in the

horizontal direction. This high dispersion spectrum is then again advanced

onto the cross-dispersing prism.
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Figure 2.1: The rear view of the spectrograph from the Echelle grating side. The
grating is the primary dispersive element, and it is mounted on a movable stage to cover
the wavelength gaps at the start and end of each Echelle order. The starlight is fed through
a 100 µm multimode optical fibre. The pre-slit optics converts the telescope (f/3) beam
to f/5 and focuses it onto the slit. The light from the slit is fed to an f/5 collimator using
a flat mirror oriented at 45◦ with respect to the beam. The beam from the collimator
falls on to the cross-disperser prism and then to the Echelle grating for dispersion. The
dispersed light from the grating is forwarded to the prism again in the return path. In
the second pass, the collimator acts as a camera, and the beam is focused on the 4k×4k
detector.

The output of the prism is forwarded to the imaging detector through

the collimator, which acts as a camera in the second pass. Table 2.1 gives

additional specifications of the spectrograph components. The large blaze

angle (θB= 70 ◦) of the Echelle grating configured in Littrow mode, enables

high resolution (R = 60, 000) stellar observations. The high resolution is

supplemented with broad wavelength coverage from 4000-10,000 Å. Figure 2.1

shows the spectrograph with the optical components along with the movable

grating stage. More details on the spectrograph were given by Rao et al.

(2005).

Component Specification

Collimator
Field of view: 60 mm diameter

Focal length: 755 mm

Cross Disperser Prism
Apex Angle: 40 ◦

Base size: 126 x 165 mm

Echelle grating
Groove density: 52.67 grooves/mm

Blaze angle: 70 ◦

Table 2.1: Specifications of the VBT Echelle spectrograph components.
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2.2 Stability analysis of the spectrograph

Initially, the spectrograph was designed as a general-purpose instrument to

meet the high resolution and high throughput requirements along with the

ease of operation [Rao et al. (2005)]. The instrument was extensively used

in spectroscopic observations of abundance analysis, chemical composition,

a study of pulsating variables, investigation of stellar and galactic kinemat-

ics etc. For these science cases, spectrograph stability is not very critical

since relevant observations can be made in a relatively short period. Apart

from this, the spectrograph is not enclosed in a thermal chamber to regu-

late the temperature and pressure variations. Therefore, moderate changes

in the instrument response are typical for such non-stabilised spectrographs.

However, instrument instability becomes a significant bottleneck for science

programmes relying on high precision Doppler spectroscopy, spanning long

observing time base. In the RV technique, a small Doppler shift in spectral

lines has to be measured accurately eliminating the artefacts of the instru-

ment. In the case of the spectrograph at VBT, a precision of 10 ms−1 demands

the detection of a 0.01-pixel shift in a spectral line of the star. Thus, it is

essential to quantify the inherent instability of the spectrograph. Along with

this, the accuracy of the algorithm used in such an analysis is to be evaluated.

The spectrograph was analysed for various stability issues related to high

precision studies. The instrument induced shifts were examined by measur-

ing the deviation in the positions of the ThAr emission lines over a period

of time. Ideally, if the instrument is stable, the ThAr lines would fall on the

same position of the CCD for all the acquired frames. The deviation in the

positions might be due to perturbations of the instrument or environmental

fluctuations in the spectrograph room. All observations and analysis related

to this work were done with a slit width of 60 µm which corresponds to spec-

tral resolution R ≈ 60,000. All Echelle orders covering the full wavelength

range of the spectrograph were considered in the stability analysis. Figure

2.2 shows a central portion of one of the ThAr spectra obtained with the
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spectrograph.

Figure 2.2: Image of a ThAr calibration spectrum taken with an exposure time of 120 s.
The analysis presented was done on a set of 18 ThAr calibration frames taken between
March 30, 2016, and April 2, 2016.

2.2.1 Stability analysis algorithm

Multiple ThAr calibration frames were acquired with 4k×4k CCD of the

spectrograph between the nights of 30 March to 2 April 2016. These frames

were used for analysing the stability of the spectrograph. The steps included

in the algorithm are as follows:

� Data reduction in IRAF: The initial data reduction was performed

in IRAF. Each Echelle spectral image was treated for bad pixel and cos-

mic ray removal, bias subtraction and flat fielding. Later the scattered

light was subtracted for all the frames followed by aperture extraction.

� Reading the spectral data in Python: A dedicated data analysis

routine was developed in Python for evaluating the stability of the line

positions using cross-correlation algorithm [Simkin (1974)]. Initially,

the 1D spectral data of each observational file was stored in the form

of multidimensional arrays in Python corresponding to each order.

� Interpolating the data: As per the spectrograph design, 1 pixel shift

corresponds to 1000 ms−1 in terms of RV shift. In order to analyse the
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stability of the spectrograph, it was essential to evaluate the repeata-

bility of ThAr lines to a level of sub-pixel. The data was interpolated

order-wise to achieve the sub-pixel accuracy.

� Analysing for saturated ThAr lines: The ThAr lamp has about 15

bright lines in wavelength region above 7000 Å of the spectrum, caus-

ing pixel saturation. The presence of saturated lines produces a broad

cross-correlation function (CCF) profile whose peak cannot be deter-

mined accurately. Therefore, all saturated lines were masked (ignored)

in the final CCF analysis.

� Cross-correlating the data order-wise: First observational frame

was taken as the template. Each Echelle order in the template spectrum

was correlated with the corresponding order of the rest of the spectra.

The shift in the spectral lines in each order gives an estimate of the

stability of the spectrograph.

� Obtaining the shifts in the spectral line positions: The deviation

in line positions from the reference spectra was obtained by fitting a

Gaussian model to the output of the CCF. The centroid of the cross-

correlation peak was obtained using a least-square fit. This routine was

customised to work on the individual spectral order, thereby evaluating

the stability down to each order across full Echelle frame.

2.2.2 Validation of the analysis algorithm

HARPS (High Accuracy Radial velocity Planet Searcher) is a fibre-fed spec-

trograph at 3.6 m telescope in La Silla observatory in Chile [Mayor et al.

(2003)]. This facility is used for high precision RV measurements with the

highest stability and accuracy available at present. The stability of the

HARPS was studied over one month as described in Lovis et al. (2006b).

The same month-long ThAr data from HARPS archive was obtained to test
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the accuracy of our analysis routine1.

The stability analysis of HARPS was evaluated by measuring the position

of an unblended ThAr line on the CCD. The absolute position of a line on

the CCD in terms of pixels was analysed over a period of 1 month. The

stability of the spectrograph was monitored for one month. We performed a

similar analysis on a single, well-isolated high SNR ThAr line from the data

to validate the algorithm developed. The first observational frame in the

archival data was used as the reference. The rest of the observations were

correlated with respect to the reference. Figure 2.3 shows a representative

plot of the cross-correlation output of one of the observations with the refer-

ence (first) observation in the month-long archival data from HARPS. Figure

2.4 shows the analysis output of our algorithm on HARPS data, which is in

good agreement with stability analysis reported in the original study [Lovis

et al. (2006b)].

Figure 2.3: Measured cross-correlation output of one of the ThAr data with respect to
the reference from HARPS archival data. The top panel shows the Gaussian fitting done
to identify the centroid of the cross-correlation function. The bottom panel displays the
residual between the CCF and the Gaussian fit.

1https://archive.eso.org/scienceportal/home



2.3 Results of stability analysis 23

Figure 2.4: Stability analysis on HARPS data using the data analysis routine. The
stability of an unblended spectral line was analysed for data taken over one month. The
RMS variation is confined to 0.001 pixel which is consistent with HARPS performance,
initially reported by Lovis et al. (2006b).

2.3 Results of stability analysis

After validating the code with HARPS data, the stability analysis routine

was tested on ThAr data obtained from VBT Echelle between 30 March

to 2 April 2016. During the test run, 18 sets of ThAr observations were

taken, starting each evening to the next day morning, for four consecutive

nights as part of the regular observational run. On each night 3-4 calibration

frames were obtained with separation interval of about 3 hours between each

frame. The first observational frame was selected as a reference for stability

analysis. The order-wise shift was obtained by cross-correlating individual

Echelle order in each frame with the corresponding order in the reference

frame.

Figure 2.5 shows the results of the stability analysis for the entire test

run. For each observation, a shift in various Echelle orders is designated by

coloured data points stacked along the vertical direction in the figure. Two

broad trends are seen in Figure 2.5. a) The zero-point of the spectrograph

showing large RMS drift up to 0.8 pixel between different observations and b)

the intra-order 0.06 pixel RMS scatter (vertical spread) between the reference

frame and the subsequent frames.
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Figure 2.5: Measured stability in terms of line shift for VBT Echelle during four days
of observational run. For clarity, each day’s observation is separated by vertical dashed
lines. The X-axis displays the time progression, in hours, from first observation to last.
The Y-axis displays the order-wise line shift computed for each consecutive observation.
The coloured circles stacked along the vertical direction represent the shift for each Echelle
order. The purple line shows the most significant error (for order 15) in centroid detection.

The zero-point shift was significantly high for early observations made on

each night. These observations were made soon after the Liquid Nitrogen

(LN) was filled in CCD dewar. The large systematic deviations in Figure 2.5

can thus be attributed to the fact that spectrograph did not have enough

time to stabilise after the routine LN filling in evenings.

2.4 Improvement in the stability for precision

studies

From the analysis results, it was concluded that the long-term stability of

the spectrograph was not established. The main goal of the stability analysis

was to estimate the spectral image motion on the CCD detector plane of

the spectrograph. This evaluation process had impressed upon the need to

take remedial steps to mitigate the impact of various noise sources [Pepe et

al. (2008)]. The following measures were taken as part of instrument up-

gradation (to improve the baseline stability of the instrument):
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Figure 2.6: The schematic of the autoguider installed at the prime cage of the telescope.
Star-light from the primary mirror of the telescope (f/3) falls on the beam-splitter, which
reflects 8% of the beam onto the guide-CCD (through a re-imaging lens) to examine and
ensure on-axis target guiding of the telescope. The fibre was re-imaged onto the guide-
CCD using the collimating lens and the Corner cube retro-reflector and re-imaging lens.
The fibre position was estimated on the guide-CCD, and the guiding algorithm redirects
the star-light onto the fibre co-ordinates.

2.4.1 Autoguider for correction of illumination errors

The light beam from 2.3 m primary aperture of the telescope converges to the

prime focus. A 100 µm (2.7 arc-sec) optical fibre picks the star-light from the

prime focus and carries it to the entrance slit of the spectrograph. The star

image on the fibre entrance does not remain stable due to imperfect guiding

of the telescope. The wandering motion of the source at the input side of the

fibre is also replicated at the exit-side, preventing the stable illumination of

the spectrograph pupil. In the absence of scrambling, the illumination errors

in multimode fibres can be a significant source of RV inaccuracies [Boisse et

al. (2011)]. An autoguider was developed and installed at the prime cage of

the telescope to reduce the impact of illumination errors. Figure 2.6 shows

the schematic of the guider.

The auto-guider assembly consists of a beam-splitter with 92% transmis-

sion and 8% reflection, residing close to the prime focus of the telescope. The

beam-splitter was placed ∼ 30 mm in front of the optical fibre at 45◦ angle

such that the 8% reflected beam was directed towards the guide-CCD and
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the transmitted beam was directed onto the spectrograph fibre.

The spectrograph utilises the same 100 µm multimode optical fibre to feed

the calibration lamp light and the starlight. A translation mirror was placed

in the autoguider assembly to feed the calibration lamp-light. More details

on the light feeding on the calibration lamp assembly to the spectrograph are

given in Section 2.4.2. The light from the calibration lamp unit is picked-up

using another 100 µm multimode optical fibre. The translation mirror placed

at the autoguider assembly feeds the light from the calibration fibre to the

spectrograph fibre. Figure 2.7 shows the image of the autoguider assembly

with a translation mirror. The mirror was placed at 45◦ plane with respect

to the beam-splitter. The translation stage moves the mirror up and down in

front of the beam-splitter. The default state of the mirror allows the starlight

to fall on the beam-splitter. The translation mirror would be moved (down)

in front of the beam-splitter to feed the calibration lamp-light.

Figure 2.7: The image of the autoguider taken with the translation mirror at the default
state. The mirror was moved up in the 45◦ plane to allow the star light to fall on the
beam-splitter. The beam splitter reflects 8% of the star-light that is used for guiding of
the telescope. The remaining 92% of the light is fed to the spectrograph fibre.
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2.4.1.1 Integration and calibration of the autoguider

During the assembly and calibration of the guider, the spectrograph fibre was

illuminated from the rear-end (spectrograph side) with a light source. The

optics of the guider was aligned in such a way that the fibre exit (front end)

was re-imaged onto the guide camera using the corner-cube-retro-reflector,

as shown in Figure 2.6. The location of the pick-up fibre on the guide-CCD

camera was set as a reference and frozen for the guiding purpose during

the integration. During the observations, the guiding algorithm operates in

closed-loop to keep the reflected star image on the reference location defined

on the guide-CCD during the calibration.

The telescope has an equatorial mount; the tracking is done in the Right

Ascension (RA) direction with the Declination (DEC) axis locked. The guid-

ing algorithm controls the telescope motors and adjusts the RA and DEC

such that the star centroid is well within the fibre centre. The guiding al-

gorithm is activated when the star crosses ±2 pixels on guider-CCD (0.54

arc-sec). The guider adjusts the telescope RA and DEC such that the star

image is pulled within ±1 pixels on the guider-CCD. The ±2 pixels on Guider

CCD acts as a blind zone to the guider, only when the star image stray out-

side this window, the guiding algorithm turns on to bring the star within ±

1 pixel. The green square in Figure 2.8 shows the ±2 pixel (0.54 arc-sec)

window on the guide-CCD in comparison with the circular footprint of the

optical fibre (2.7 arc-sec) indicated in magenta colour.

2.4.1.2 Results of autoguider at the telescope

A bright star located close to Zenith was chosen to characterise the perfor-

mance of the autoguider. A series of observations with autoguider, manual-

guiding and no-guiding were taken with the star for a duration of 2 hours.

The location of the star on the guide-CCD was compared for the cases of auto-

guiding with manual-guiding and no-guiding. In the case of manual guiding,

the reflected star centroid on the guide-CCD was manually positioned on
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Figure 2.8: Comparison of star centroid scatter for no guiding, manual guiding, and
auto-guiding cases. As the telescope has an equatorial mount, the drift was seen in the
RA direction. The green square corresponds to the 2 x 2 window where the autoguider
algorithm acts and brings the star centroid inside the range. The magenta circle represents
the 100 µm diameter of the fibre core. In the case of auto-guiding, 65.2 % of the time
the star falls within the square window. It is 50.6 % and 21 % for manual and no-guiding
respectively.

to the fibre centre location. During the no guiding case, the telescope was

tracking the star without any guiding intervention. Figure. 2.8 shows the

comparison of the centroid scatter of a star on the guide-CCD for settings of

auto-guiding, manual-guiding, and no-guiding. In the case of auto-guiding,

the RMS scatter of the star centroid obtained at the guide-CCD was 1.61 pixel

about the fibre centre. As the ±2 pixels (shown as a green box in Figure.

2.8) is a blind region for the guider, due to motor movement and the tele-

scope tracking (closed-loop mechanism) limitations, a window smaller than

this could not be achieved for guiding. The RMS scatter in the centroid of the

star image was 3.35 pixel and 2.46 pixel for no-guiding and manual-guiding,

respectively.The improvement in the RV precision due to installation of the

autoguider was around ± 200ms−1 .
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2.4.2 Wavelength calibration unit

As per the original setup of the telescope, the calibration lamp assembly was

present at the telescope prime cage. Direct illumination of the lamp-light

into the spectrograph fibre led to illumination errors (shape of the beam

and launching angle) of the light onto the fibre. Also, the calibration lamp

and the starlight should have the same f-ratio, to avoid the difference in

Focal Ratio Degradation (FRD) for star and lamplight. The existing setup

had the problems with the difference in the way the spectrograph fibre was

illuminated by ThAr and Flat lamp assembly, as a result of which there was

a change in FRD. Apart from this, the heat produced from the Flat lamp

was affecting the guide camera mounted at prime cage unit.

Figure 2.9: The schematic of the calibration lamp assembly. Fibre pickup has three
designated positions for ThAr, flat lamp and laser light. Flat fielding is done using a
combination of Tungsten and Xenon lamp assembly. The fibre picks up the calibration/flat
lamp during the observations (based on the command from the telescope console) and feeds
it to the spectrograph fibre for calibration of the instrument through translation mirror
present in autoguider assembly.

In order to overcome the fibre illumination errors, the output of the ThAr
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Figure 2.10: The calibration lamp assembly mounted on a stable platform. The fibre
pickup was placed on a movable stage, that can be used to pick the ThAr or flat lamplight.
This uniformly illuminated beam from the calibration fibre was converted to an f/3 beam
and fed to the spectrograph fibre at the prime cage. The laser light is only used during
alignment and testing.

and the flat lamp was converted into an f/3 beam and launched to a calibra-

tion fibre. Figure 2.9 shows the schematic of the modified calibration lamp

assembly. The calibration fibre was placed on a movable platform that picks

up the lamplight and feeds it to spectrograph fibre through translation mir-

ror (shown in Figure 2.7) present in the autoguider assembly. By efficient

coupling of fibres, the illumination errors were minimised. Figure 2.10 shows

the calibration lamp assembly mounted on a stable platform.

2.4.3 Uniformity of flat-fielding

Non-uniformity of flat-fielding results mainly from the combined effect of a)

the near black-body response of the tungsten lamp as opposed to spectrally

flat case, b) wavelength dependence of quantum efficiency of the CCD cam-

era, c) wavelength dependence of the grating efficiency and vignetting in the

spectrograph. These inaccuracies propagate into the data reduction process

and impact the achievable RV precision [Plavchan et al. (2015)]. The flux

non-uniformity in the flat-field frames was unambiguously seen across the

wavelength range of the spectrograph (4000-10,000 Å), as shown in Figure
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2.11. A combination of filters were tested to equalise the flux distribution

across the wavelength range.

Figure 2.11: The plot in the left panel shows the original flat-field response (blue colour
line) of the spectrograph. The transmission function of two flux balancing filters is shown
in red and green colours. The right panel shows the output of the flat field response after
filters.

Figure 2.11 shows the normalised flux versus wavelength response in a

flat-fielded frame before and after the usage of filters. Also, the ratio of

maximum to minimum flux before using the filter was 268, whereas after

using the filter was 13. Figure 2.12 shows the image of the filters installed

with the flat lamp assembly.

2.4.4 Improvement in the stability of the spectrograph

The spectrograph assembly was re-aligned for correcting the alignment errors

across the CCD field. The stability of the spectrograph was analysed after

correcting for the alignment errors along with upgrades as mentioned earlier.

Figure 2.13 shows the re-analysed stability of spectrograph measured over

8 hours. These observations were taken with Iodine absorption cell in the

beam path using the flat lamp as input. The spectra were correlated with

respect to the first iodine + flat lamp spectrum to analyse the stability. The

stability of the spectrograph had shown an improvement of ± 0.4 pixel in

comparison to ±1 pixel, as shown in Figure 2.5.

The stability analysis was divided into two-time spans to observe high

and low-frequency variations. The spectrograph motors and the grating/slit

movements are controlled by using the Echelle interface unit. The stability
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Figure 2.12: The image of the flat-lamp filters installed with the upgraded wavelength
calibration unit. The filters were placed behind the lens that focuses the flat light onto
the fibre. The calibration fibre unit placed on the movable stage is shown in the image.
The fibre unit can be commanded to pick the light from ThAr source or flat lamp unit.
During the alignment and testing phases, the laser is utilised.

effects on the spectrograph during the motor running on full coil current and

during winding off phase of motors were evaluated. The control was given

from the Echelle interface unit in the telescope console room. During the

first 90 minutes, the observations were taken every 3 minutes. During this

time, the grating motor was energised to hold the grating at the desired

position. This resulted in high-frequency variation. The effect of the grating

motor on the stability analysis was done for 90 minutes until the time-stamp

of 06:56:40 (HH:MM:SS in UT) in Figure 2.13. It was observed that the

stability was affected during the full coil pumping of the motor, resulting in

high-frequency jitters. Later, the observations were taken at every 15 minutes

with the grating motor turned off and turned on during the exposure (15

minutes interval). This resulted in a low-frequency drift in the stability. The

result of the analysis is shown from 06:56:40 (HH:MM:SS in UT) to 11:06:40

(HH:MM: SS in UT) in Figure 2.13. The grating motor was turned off at the
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Figure 2.13: Results of the stability analysis after the upgrade of the instrument. Flat
lamp light was passed through the Iodine absorption cell for this analysis. The analysis
was done for over 8 hours. Each dot represents individual observation spectra with the
Iodine cell. The first observation was correlated with the rest of the observations, and the
shift was analysed.

end of the observations each day and turned on before the observations on a

later day. As shown from the analysis results, there was uncertainty in the

zero-positioning of the grating. Hence, the grating stage was proposed to be

upgraded with an increased gear-ratio and reduced backlash, to improve the

locking.

Later, the effect of liquid nitrogen filling on the stability was analysed.

The liquid nitrogen filling in the spectrograph is done manually. Manual

intervention disturbs the stability of the spectrograph by environmental per-

turbation. This effect is also seen in Figure 2.5. In Figure 2.13, (from 11:06:40

(HH:MM:SS in UT)), it was verified that it requires a minimum of 1.5 hours

for spectrograph to be stabilised after filling liquid nitrogen as it is done with

manual intervention. The optimal utilisation of spectrograph for RV stud-

ies, therefore, requires that instrument is kept ready well in advance before

observations.
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2.5 Existing limitations

As VBT Echelle spectrograph was not designed for precision RV studies, the

inherent stability is not expected to be similar to that of precise RV spectro-

graphs such as HARPS and CARMENES [Lovis et al. (2006b); Quirrenbach

et al. (2010)]. In the design and construction phase of the VBT spectrograph,

the emphasis was given on developing a general-purpose instrument. This

resulted in not utilising the spectrograph directly for precise RV measure-

ments. The following factors, individually and in combination with others,

limit the achievable RV precision with the spectrograph :

2.5.1 Grating-positional uncertainty

The Echelle spectra (4000–10,000Å) is recorded on a 4k×4k CCD detector

shown in red box in Figure 2.14. At nominal setting, the spectral image over-

fills the detector plane. Certain wavelengths on either side of each Echelle

order, fall outside the detector boundaries, as shown in Figure 2.14. For spe-

cific science cases, the missing wavelengths at the edges are usually accessed

by rotating the Echelle grating. The movement of the grating introduces

uncertainties that invariably impacts the position repeatability, thus severely

compromising the science that needs high RV precision. Since VBT Echelle

is a general-purpose spectrograph and used in a broad range of science ob-

servations, the grating needs to be moved to observe the wavelength of in-

terest on a case-to-case basis. Due to contingent movement, it is difficult to

maintain a well-defined zero-position of the grating. The problem is further

aggravated by the backlash error in the grating-drive, non-uniformity of the

gears and imperfect locking and holding. This would also result in inaccurate

zero-positioning when the grating motor is turned off at the end of the ob-

servations on a day-to-day basis. With the restrictions from the instrument,

the grating has a positional uncertainty of ± 25 arc-sec (≈ ± 0.01 degree).
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Figure 2.14: Echelle spectral format on the 4k × 4k CCD. Each point represents a
single wavelength ranging from 4000 Å (bottom - 89th Echelle order) to 10,000 Å (top
- 36th Echelle order). Each wavelength point is separated by 2 Å. In each order, the
wavelength increases from left to right. The red box represents the spectral print on the
CCD detector. For specific science cases, the wavelengths outside the detector format are
recorded by shifting the entire spectra with grating rotation.

2.5.2 Lack of simultaneous calibration

A ThAr lamp assembly is used for obtaining wavelength calibration frames.

As mentioned in Section 2.4.2, the light from the ThAr lamp and the flat-

field source is fed to the spectrograph unit with the help of the same 100 µm

optical fibre which is used to feed the starlight. The calibration frames are

taken before and after the stellar observations. Also, the current design lacks

dual fibre technique, as the inter-order pixel separation (around 11 pixels)

is not sufficient to accommodate the other fibre. The existing design lacks

simultaneous calibration, and thus, the main limitation comes from the drifts

of the instrument during observations.

2.5.3 Other factors

The spectrograph is operated in a quasi-littrow mode of operation with θ =

1.1◦ [Rao et al. (2005)]. The prism placed in the light path of the grating

partially disperses the light before forwarding on to the grating. The out-of-

plane angle of the grating along with cross-disperser prism results in tilt in

the spectral lines. The tilt in the slit image at the detector is a function of
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wavelength [Robinson & Latham (1988)]. The RV precision is compromised

when the tilt in the spectra is not properly taken care (modelled) by the

extraction software [Ireland et al. (2018)].

2.6 Discussion

Initially, the inherent stability of the spectrograph was estimated as 1000

ms−1. From the analysis, various steps were taken up to eliminate the noise

sources affecting the stability of the instrument. After, the upgrade activity

at the spectrograph, the stability was considerably improved from ± 1000

ms−1 to ± 400 ms−1. This was achieved with the integration of autogu-

ider, stabilising the wavelength calibration setup along with improving the

alignment of the spectrograph. Later, the current design level limitations of

the spectrograph were analysed. These design constraints cannot be fully

corrected unless a major instrument upgrade was considered. However, as

it is a general-purpose spectrograph, the instrument is used for many high-

resolution spectroscopic observations. Therefore, the issues that do not af-

fect the existing functionality of the spectrograph were addressed. As part

of this, there were two major limitations a) lack of zero-positioning of the

optical components, b) eliminating the effect of drifts of the instrument from

Doppler shift measurements.

The first limitation of the repeatability of the optical components was

dealt with utilising the Zemax model of the spectrograph. Each wavelength

would have a designated position on the detector as per the Zemax design of

the spectrograph. These positions were taken as the reference points. ThAr

observations were used to analyse for the spectral line positions in real-time

on the detector. The fluctuations in the spectral lines (with respect to the

reference positions) were induced due to the drifts in the positions of the

optical components. The Zemax model was utilised to estimate the drifts

in the optical components. This approach is discussed in Chapter 3 of the

thesis.
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Even if the optical components were corrected for the positional varia-

tions, the instrument/environment fluctuations during the observations would

tamper the tiny Doppler shift measurements. Thus, the next major limita-

tion that was addressed is the effect of the artefacts of the instrument on the

RV measurements. An iodine absorption cell was installed at the entrance

slit of the spectrograph. The cell was used to track and eliminate the drifts

of the instrument to facilitate precision radial velocity observations. Along

with that, we developed a generic algorithm that uses iodine exposures to

extract the stellar radial velocities without the need for the complex forward

modelling. Though the algorithm is not accurate to the level of conventional

iodine technique, it is convenient to use on a low-cost general-purpose spec-

trograph targeting a moderate radial velocity precision at a few 10-100 ms−1

level. Finally, the usefulness of the approach was demonstrated by measuring

the RV signal of a well-known short-period, planet-hosting star. The details

of the algorithm, along with the results obtained with the spectrograph, are

presented in Chapter 4 of the thesis.
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Chapter 3

Estimation of the zero-point dr-

ifts of optical components

Sireesha Chamarthi, Ravinder K. Banyal, Sriram Sripadmanabhan, in Jour-

nal of Astronomical Telescopes, Instruments, and Systems, 5(3), 038003,

(2019).

3.1 Introduction

The upgrades discussed in Chapter 2 pushed the stability limits of the spec-

trograph. However, the spectrograph cannot be used for precision RV mea-

surements with the stability of a few 100ms−1. Robust instrument design is

essential to utilise a high-resolution spectrograph for precision Doppler spec-

troscopy. A dedicated RV spectrograph has several unique features, such as

fixed optomechanical components and optics fabricated with low expansion

material. Also, a vibration-free vacuum enclosure is essential to enforce a

tight control of environmental conditions (temperature and pressure) [Brown

et al. (1994)]. Furthermore, the star-light from the telescope is fed through

optical fibres for image scrambling and illumination stabilisation. Along with

the advancement in enhancing the stability and repeatability of the spec-
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trograph, there is significant progress in the wavelength calibration of the

instrument. The RV instruments are often equipped with a variety of cali-

bration sources producing well-known reference lines that can be traced to

fundamental laboratory standards. HARPS is one such spectrograph that

achieved a wavelength calibration repeatability of 15 cms−1 [Wilken et al.

(2010)]. In recent years, there is also an advancement in the calibration pro-

cedure from the empirical method to physical modelling of the instrument

[Bristow et al. (2008)]. Several instrument teams developed improved cali-

bration procedures by incorporating the physical model of the instrument in

the wavelength calibration [Bristow et al. (2006); Rosa et al. (2003)].

During the design stage of the instrument, many of the features mentioned

above are incorporated to achieve the desired RV precision in a spectrograph.

To utilise the existing spectrographs, it is crucial to critically evaluate the

technical and operational level limitations of the instrument and develop

a mechanism/model to address them. For a general-purpose spectrograph,

the zero-point variations must be accurately tracked and corrected. In this

context, the VBT Echelle spectrograph was investigated for the effect of lack

of repeatability of optical components (arising from its current functionality)

on the achievable precision. From the analysis, corrective measures were

taken to ensure the repeatability in the positions of the optical components.

3.2 Spectrograph design limitations for pre-

cision RV studies

A Zemax model was used for prediction and correction of the positional

variations of the components. The effect of the perturbation of optical com-

ponents on the obtained RV was earlier demonstrated in the works of Gibson

& Wishnow (2016). In the view of increasing the computational flexibil-

ity, the RV sensitivities of the spectrograph were analysed using the Zemax

model of the instrument. The observations were modelled in Zemax using
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Figure 3.1: The optical design of the spectrograph developed in Zemax. The (f/3) beam
emerging from the spectrograph fibre is converted to (f/5) beam in the spectrograph room,
using pre-slit optics for f-ratio conversion. The f/5 beam is focused on the slit, and the
emerging beam from the slit is fed to the collimator with a 45◦ feed mirror as shown in
the zoom-in version of the optics. The collimated beam is forwarded to the prism (cross-
disperser) and then to the Echelle grating for horizontal dispersion. In the return path,
the dispersed beam from the grating is passed through the cross-disperser prism again.
The dispersed beam is focused on the 4k×4k CCD detector using the collimator, which
acts as a camera in the return path.

Python for input and output operations. Invoking the capabilities of Zemax

and utilising it for the spectrograph sensitivity analysis using other software

was demonstrated in previous studies [Genoni et al. (2016); Goodwin et al.

(2010)]. The Zemax model of the spectrograph is shown in Figure 3.1.

3.2.1 Repeatability of calibration line positions

The grating has a positional uncertainty of ± 25 arc-sec (≈ ± 0.01 degree).

The lack of repeatability in the positions of the grating would reflect in the

ThAr line locations on the detector. ThAr observations were used to estimate

the repeatability of the calibration lines, which in turn affects the calibration

consistency. The grating was commanded to move back and forth between

two angular positions to determine the position repeatability. Between the

moves, a ThAr spectrum was taken at each reference position, and a total of

8 frames/position were obtained in about 1 hour duration. The first ThAr

spectra for each position was cross-correlated with its subsequent frames to

estimate the repeatability of the grating, as shown in Figure 3.2. The plot
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Figure 3.2: The blue and red lines (each point represents the mean shift of all orders
with respect to the reference position) show the pixel shifts obtained from ThAr frames
taken repeatedly by moving the grating between two angular positions. The RMS scatter
≈ ± 4.5 pixels corresponds to position uncertainty of the movable grating.

shows a large RMS scatter of ± 4.5 pixels that can be attributed to the

lack of position repeatability. It was also analysed that the shift was not

the same from one order to another within the same spectrum. This intra-

order shift was estimated as 0.075 pixels. The lack of zero-positioning of the

grating was also noticed when the grating motor is turned off at the end of

an observational run and turned on again for the next day observations. This

would result in inconsistencies in the wavelength calibration procedure.

3.2.2 Vignetting

The spectrograph suffers from vignetting as the size of the grating and prism

is smaller than the beam footprint (after the dispersion from grating) at dif-

ferent wavelengths. The vignetting effect was analysed in the system across

the detector field using Zemax model of the spectrograph that is shown in

Figure 3.1. Three Echelle orders, at the top, centre, and bottom, were con-

sidered for evaluation. In each order, three wavelengths to the left, centre

and right were chosen. The wavelength selection was made in such a way

as to sample the entire detector for vignetting effects. Figure 3.3 shows the
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Figure 3.3: Vignetting present in the spectrograph across the different Echelle orders as
per the footprint diagram at the entrance of the camera. Three Echelle orders - each order
with two extreme and one central wavelength were evaluated. The left plot shows the red
region of the spectrograph (40th Echelle order), the vignetting from the prism affects the
bottom part of the spectra. The middle plot shows the central region of the spectrograph
(67th Echelle order). The vignetting effects due to the grating is shown on the left and
right side of the beam footprint (spectra). The right plot shows the blue region of the
spectrograph (87th Echelle order), the vignetting affects the top part of the spectrograph.
The corresponding wavelengths (units - micron) analysed in each order are also displayed.

vignetting present in the spectrograph in the form of truncated beam print at

the entrance of the camera in the return path. In the absence of vignetting,

the beam footprint is expected to be circular. However, due to the small size

of the optics, there is vignetting at the edges of the image.

Furthermore, the effect was found to be wavelength dependent across the

orders and also varies from start to end of each Echelle order. Vignetting

causes a change in the centroid of the spectral lines that fall on the detector.

The effect was analysed across the detector and was expected to give a con-

stant outcome as it was a design constraint. However, as shown in Figure 3.2,

due to uncertainty in zero-positioning, the landing of the spectra on the de-

tector might vary. Thus the spectral lines that land at different locations on

the detector experience a distinct vignetting effects, this results in the errors

in centroid estimation of the spectral lines from spectrum to spectrum. To

estimate the vignetting from the design; the size of the grating, prism, and

the collimator/camera optics was increased to contain the entire footprint of

the beam. The centroid position with and without vignetting was compared,

and the error induced by vignetting was found to be ≈ 56 ms−1.



44

3.2.3 Distortion

A mathematical model of a 2D dispersion map of the spectrograph was con-

structed using grating and prism dispersion equations along with the spec-

trograph parameters (focal length of the collimator/camera, the location of

the detector, etc.) [Schroeder (1970)]. The isolated peaks of ThAr obser-

vational spectra were identified, and the corresponding wavelength and the

Echelle orders were given as inputs to the mathematical model and Zemax

model. The position of ThAr lines on the detector was estimated for both the

models. Later, the models were perturbed in grating blaze angle by the same

amount. The difference in which the models responds to the perturbation

gives the resultant distortion in the optical design. Zemax model takes into

consideration the inherent distortion present in the system. The difference in

the positions of isolated ThAr line peaks, between the Zemax and the mathe-

matical model, were estimated to account for the distortion. A residual from

the comparison is a measure of distortion, which was found to be 400 ms−1.

3.3 Necessity of correcting for the zero-point

drifts

ThAr lamp is the wavelength calibration source in the spectrograph. The

calibration spectra are taken either before or after the stellar observations.

The wavelength calibration is done as per the conventional procedure of gen-

erating a template spectrum with the spectrograph. The ThAr lines are

identified and wavelength calibrated for a well-exposed spectrum taken with

the spectrograph. This spectrum is used as a template for wavelength cali-

bration. Rest of the ThAr frames obtained as part of a regular observational

run are correlated with the template spectrum to obtain the dispersion solu-

tion. In the standard calibration procedure, the ThAr spectrum is correlated

with the template to determine the overall shift with respect to each order (or

entire spectrum). If there is a shift in the observed spectrum from the corre-
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lation result, then the spectrum is corrected for the shift, and the dispersion

solution is applied. The shift applied is often a constant number which does

not take into account the non-linearity along and across the spectral orders.

This procedure might result in a discrepancy in the wavelength solution in

the following ways [Bristow et al. (2008); Chanumolu et al. (2015)]:

� The transient distortions to the local wavelength solutions can be cor-

rected/tracked by wavelength calibration sources if the shifts in the

calibration line positions are relatively small (at ±1 pixel level or less).

In the case of VBT Echelle, the grating repeatability is uncertain up to

±4.5 pixel level, as shown in Figure 3.2. Such large perturbations need

to be appropriately accounted for and corrected.

� The blends in the ThAr calibration lines are usually identified by fitting

a single Gaussian to measure the centroid. However, due to a shift of

± 4.5 pixel, these lines experience different aberration effects as they

pass through the optical components. This leads to inaccuracies in the

centroid estimation.

� As explained in Section 3.2, apart from the uncertainty in positioning of

the components, there are other effects like vignetting, distortion and

environmental instabilities in the spectrograph. This might lead to

non-linear effects on the spectral shift across the dispersion and cross-

dispersion direction. Also, it was observed, the wavelength shift across

the orders, due to large perturbations, do not remain uniform. The

conventional correlation of ThAr spectrum with the template would

not take into account these non-linearities.

The Echelle spectrograph operating at VBT lacks the mechanism to revert

the optical components to their original position after the movement. In

such cases, it was essential to correct for the positional drifts. After the

perturbations in the optics are corrected, the obtained spectra can then be

correlated with the template for wavelength calibration.
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A ThAr spectrum taken at the beginning of the observational run was

used to estimate the perturbations in the positions of the components. The

centroid positions of the isolated peaks in ThAr spectra were estimated.

These centroid locations depict the current positions of the optical compo-

nents in the spectrograph. If there were any perturbations in the optical

components, that results in shifts in the centroid positions of the isolated

wavelengths.

3.3.1 Zemax model to estimate drifts in the optical

components

To estimate the optomechanical positional variations of the components, a

Zemax based ray-trace model was used. The flow chart of the approach

is demonstrated in Figure 3.4. Wavelengths of isolated ThAr peaks from

observational spectra were identified; the wavelength and the corresponding

Echelle order was fed to Zemax using Python interface. The Spot diagram

(CENX and CENY) of isolated ThAr wavelength from Zemax was used for

evaluation of the centroid shifts as described in Grupp et al. (2009). The

Zemax parameters were perturbed in such a way that the centroid positions

(Spot diagram) of the Zemax model were matched with the ThAr line centres

obtained from the ThAr observations [Bristow et al. (2008)]. In contrary to

the traditional model-based calibration approaches, a Zemax optical model of

the spectrograph was used instead of the physical model of the instrument.

For this purpose, a merit function was constructed to allow perturbations

of RV sensitive parameters, such that the Zemax model would match with

the observations after optimisation of the merit function. After the model

was matched with the observations, the perturbations in the positions of the

components were estimated.

Since the error-free locking was not ensured for the optical components,

we used reference locking for precision RV observations. Zemax model was

used as the reference, and all the optical components were brought to the
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Figure 3.4: Flow chart of model matching with the observations.

reference level at the beginning of each observational run during the day

time. We also propose that the Zemax model can be used to improve the

calibration accuracy after the match is obtained with the observations. The

primary calibration is always done with the ThAr source in the spectro-

graph. However, ThAr lines are not distributed uniformly, and it also has

some saturated and blended lines. This has an impact on the accuracy of the

wavelength solution. The pixel-to-wavelength map obtained from the Zemax

model could improve the wavelength solution. The dispersion solution can

be extended to the region where ThAr lines are inadequate [Chanumolu et

al. (2017)]. A wavelength calibration process assigns a unique wavelength

to each pixel on the CCD. It is a crucial data reduction step for all spec-

troscopic measurements. The error induced in the wavelength calibration

can significantly affect the precision obtained in the RV observations. The
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model-based approach can be extended to obtain the wavelength-pixel map

for features across the spectrographs using interpolation, thus improving the

RV accuracy of the spectrograph.

The calibration accuracy can be improved in the following way: The first

step is to estimate the wavelength – pixel positions of isolated ThAr lines

from observations. These wavelengths, along with the Echelle order, are to

be given as input to Zemax. The Zemax model determines the position of the

wavelength on the CCD as per the design of the instrument along with aber-

rations and perturbations. From the wavelength-pixel map obtained from

both ThAr observations and Zemax model, in each order, one wavelength

position (which is the best match between the model and observation) is

taken. This location is anchored, and the relative position (between Zemax

and observations) of the other wavelengths in each order is obtained. Then

using the relative positions, the wavelength-pixel map is interpolated for lo-

cations where ThAr lines do not exist.

Apart from that, traditional calibration techniques have the limitation of

stability and lifetime issues. The RV observations of exoplanets, e.g., typi-

cally has a time-line ranging from weeks to years. In such a case, it is essential

to ensure that the wavelength calibration errors were minimised. The model-

based approach can be used to establish the accuracy using the real-time

setup of the spectrograph and the Zemax model. Wavelength calibration

is also unique to each spectrograph, and the model-based approach can be

extended to improve the calibration procedure and the RV accuracy.

3.3.2 Degeneracy in the model

The effect of degeneracy in the model for estimating the positional variations

was also evaluated to verify the credibility of the model matching. As part

of this analysis, optical components were perturbed with a known value.

The system was optimised to bring the components back to the nominal

position. Then, the difference in predicted vs actual (perturbed) positions
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Perturbed parameter Actual parameter values Values after optimisation Difference
prism x 8.585863342 8.585863042 -3E-07
prism y 0 -5.39281E-06 -5.39281E-06
prism z 0 1.06121E-06 1.06121E-06
grating x 25.852965 25.85295965 -5.35E-06
grating y -68.555 -68.55499933 6.7E-07
grating z 90 89.99999423 -5.77E-06
detector 0 4.65131E-07 4.65131E-07

Table 3.1: The perturbed parameter values compared with the reference positions. The
”difference” column shows the difference between the reference and the perturbed positions
after optimisation of the merit function. In the view of estimating the degeneracy in the
system, the decimal positions are increased.

were estimated. Table 3.1 shows that the degeneracy present in the system is

minimal compared to the accuracy targeted in model matching (0.01 degree).

The uncertainties in positioning the components in the spectrograph were to

a range of 0.01 degree. The spectrum that was used as the input to the model

was obtained from the spectrograph and is not a synthetic spectrum. Thus

some inherent noise is expected in the spectrum even after the initial data

reduction was carried out using IRAF. However, to evaluate the uniqueness

of the model in predicting the perturbations of the optical components, noise

in the spectrum was added systematically. The radial velocity error obtained

in the comparison of the noise added spectrum to the original spectrum is

7 ms−1. The stability limitation was around 50 ms−1 with the VBT Echelle

spectrograph. The model deviation was within the stability limits of the

spectrograph.

3.4 Sensitivity analysis in Zemax

3.4.1 Procedure

The prerequisite of modelling the observations in Zemax was to estimate

the RV sensitivities of the optical components [Gibson (2016)]. For match-

ing observations with Zemax model and construction of merit function, the

sensitivity of the optical components in Echelle dispersion direction was es-

timated.
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Figure 3.5: Wavelength map of the isolated ThAr lines (marked as dots) across the
4k×4k CCD. There are 50 Echelle orders in the spectrograph with a wavelength range
from 4000 – 10000 Å. In the sensitivity analysis, a total of 500 isolated wavelengths were
used. The colour bar to the right shows the wavelength mapping from blue to red.

A ThAr spectrum was taken for sensitivity analysis, and the wavelength

position of the isolated peaks was determined. Figure 3.5 shows the isolated

wavelengths identified from the ThAr reference frames. These wavelengths

and the corresponding Echelle orders were given as input to Zemax using

a Python interface. Coordinate breaks in Zemax were placed in such a way

that each optic is perturbed separately about the local axis of the component.

Then a known perturbation (in positive and negative direction separately)

was applied to each optical component in the Zemax model and the perturbed

X, Y centroid position was estimated [Genoni et al. (2016)].

A common practice is to consider the translational and rotational degrees

of freedom for sensitivity analysis. However, the optical components (prism,

grating, etc.) of the spectrograph are in the collimated beam, and they are

less sensitive to translational perturbation in X, Y, Z directions. Hence, only

the rotational perturbations were analysed. A tilt of ±0.01◦ in X, Y, and Z

direction was considered for this analysis. The rotational perturbations with

respect to the slit are given as follows:

� X perturbation: Movement across the slit length
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� Y perturbation: Movement across the slit width

� Z perturbation: Movement across the normal to the slit.

3.4.2 Results - RV sensitivity from individual compo-

nents

The isolated wavelengths obtained from ThAr observational frame were in-

corporated into sensitivity analysis. The nominal X centroid position of the

optical component was compared with the perturbed position from the spot

diagram. The results of the sensitivity analysis for the perturbation of grat-

ing, prism, input optics, collimator, and feed-mirror are summarised in Table

3.2. In the table, the maximum to the minimum pixel shift from the nominal

positions for individual perturbation is listed.

The Echelle grating shows the maximum sensitivity in the dispersion di-

rection. A ±0.01 ◦ perturbation of grating angle of incidence from the nomi-

nal position produces a shift up to ≈ 20 pixels across different Echelle orders.

In the current optomechanical design of the spectrograph, the grating posi-

tion uncertainty is about 25 arc-sec (≈ 0.01◦), thus making this analysis

essential. The measured RMS scatter of ±4.5 pixels from the grating un-

certainty shown in Figure 3.2 is well within the range predicted from the

sensitivity analysis. From the spectrograph dispersion, 1 pixel shift in ve-

locity units corresponds to ∼ 1kms−1. Figure 3.6 shows the motion of the

spectra on the detector due to grating perturbation along the dispersion di-

rection. The residual shift of the spectra after removing the mean motion

(-20.95 pixels) corresponds to RV sensitivity of 1.4 pixels (1.4 kms−1). In

other words, angular uncertainty of 0.01 ◦ in placing of the grating would

result in a residual shift of 1.4 pixels. These effects should be carefully ac-

counted for to improve RV precision. The matching of observations with

Zemax model and estimating the positions of the optical components and

bringing them to a known reference is intended to accomplish this goal.
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Component Perturbation Pixel shift (kms−1)
Collimator Tilt X (0.01) 0.6 to -0.8
Collimator Tilt Y (0.01) -16.95 to -18
Feed mirror Tilt X (0.01) 0.15 to -0.20
Feed mirror Tilt Y (0.01) -0.735 to -0.855
Grating Tilt X (0.01) 1.0 to -0.6
Grating Tilt Y (0.01) 21.8 to 20.4
Grating Tilt Z (0.01) 0.6 to -1
Input Optics Tilt X (0.01) 0.045 to -0.045
Input Optics Tilt Y (0.01) 0.56 to 0
Prism Tilt X (0.01) 0.06 to -0.06
Prism Tilt Y (0.01) 0.78 to 0.62
Prism Tilt Z (0.01) -9 to -10.05
Temperature 20+0.5 deg 0.12 to 0
Pressure 1 + 0.12 Pa 0.48 to -0.08

Table 3.2: Perturbations applied to the individual component for sensitivity analysis
of the spectrograph. After the individual component was perturbed, the spot diagram
of the perturbed system was compared with the nominal position. The maximum to the
minimum range of the pixel shift is obtained across the detector. This range is displayed
in the last column of the table.

Figure 3.6: The difference in X-centroid position for the perturbed (in the blaze di-
rection) and the unperturbed system. The RV changes are relevant only in dispersion
direction; therefore, spectral movement in Y -direction was not considered. The top panel
shows a positive perturbation of 0.01 ◦ from the nominal position. The X-centroid shifts
are from left to right across the Echelle order. If the grating position is uncertain to 0.01 ◦,
then the resultant residual shift is 1.4 pixels (1.4 kms−1). The bottom panel shows the
negative perturbation (-0.01◦) for the angle of incidence on the grating. The comparison of
both the plots shows that positive and negative perturbation causes an equal but opposite
shift of lines across the detector.
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3.5 Modelling ThAr observations in Zemax

3.5.1 Procedure for model matching with observations

The sensitivity analysis was done for individual components with a pertur-

bation in one of the rotational degrees of freedom. However, in the actual

working system, the perturbations could arise from other degrees of freedoms.

This cumulative effect would result in shifting the ThAr line positions from

the nominal location. ThAr observations taken at the beginning of the ob-

servational run on each day were used to estimate the perturbations in the

optical components. The initial data reduction and wavelength calibration

of ThAr data were done in IRAF. The latter part of the analysis was done

using a dedicated pipeline developed in Python.

In this context, a merit function was constructed to use RV sensitive

parameters (that can be perturbed in real-time), to achieve the target po-

sition of the wavelength from ThAr observations. The merit function was

constructed in such a way that the positions of the optical components (to

be perturbed) were declared as variables; the target was the observational

X-centroid position and the value of the merit function was the spot dia-

gram CENX. Coordinate breaks were applied to perturb the positions of the

optical components during optimisation in the Zemax model.

In the analysis, the non-uniform illumination of the pupil plane was con-

sidered [Halverson et al. (2016); Stürmer et al. (2014)]. The telescope beam

is picked up by a circular fibre, and the starlight is fed to the spectrograph.

To simulate this non-uniform illumination, a Gaussian apodization factor 1

was used in Zemax (fall in the intensity of 13% of the peak value). Apodiza-

tion factor 1 was considered based on the analysis of beam exit from the

fibre (exit pupil). The optimisation of the merit function was obtained by

perturbing the three rotational degrees of freedom (X, Y, Z) of the selected

optical components.

To reduce the computational load/intensity, in the first case of a matching
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Figure 3.7: Comparison of the ThAr wavelengths used in the sensitivity analysis (blue-
dots) and the wavelengths selected (red-diamond) for modelling the observations. Dashed
grey lines show the 50 Echelle orders. Six Echelle orders were considered, and from each
order, six wavelengths (red-diamond) were chosen for the analysis.

model with the observations, the wavelength selection was made such that

sampling across the detector is maintained. Six Echelle orders were selected

across the detector with well-sampled six wavelengths from each order across

the FSR of each order. Figure 3.7 shows the wavelengths marked in red

dots for the modelling the observations using the merit function. They were

compared with the wavelengths (marked in blue dots) used in sensitivity

analysis, as discussed in Section 3.4. This sampling of 6 × 6 matrix of well-

sampled wavelengths was used for estimating the perturbations. All the

isolated wavelengths used in the sensitivity analysis were utilised to evaluate

the match of the model with the observations.

3.5.2 Results of model matching with observations

The perturbations obtained from the match of a model with the observa-

tions were given as input to a native Zemax model. For the selected 500

ThAr lines (as discussed in Section 3.4), the X-centroid was computed in the

perturbed Zemax model. These centroid positions were compared with the

observational positions. The best match was within ± 1 pixel accuracy, as

shown in Figure 3.8. The model was validated by obtaining the match to a
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Figure 3.8: Histogram of the difference between the model and ThAr observations for
the X-centroid position on the detector. Three ThAr observations taken at different times
were used to match the model. The plot shows that the model can match the observations
with ± 1 pixel accuracy.

different set of ThAr frames. The positional parameters of the components

might vary from the actual system parameters during the build and align-

ment phase. The parameters as per the design phase had a deviation of ± 24

pixels from the observations. After modelling and optimisation, the match

between the observation and the model was obtained as ± 1 pixels.

The goodness of the model also depends on the wavelength identifica-

tion of ThAr observational spectra, as the wavelength and the corresponding

Echelle orders were used as inputs for the Zemax model. ThAr spectrum has

few saturated lines, and the wavelength identification has an inaccuracy in

the case of saturated lines [Murphy et al. (2007)]. In the model matching,

the outliers of saturated lines beyond the wavelength range of 7000 Å were

eliminated.

3.6 Summary

In conclusion, we analysed a general-purpose spectrograph with movable com-

ponents and proposed a methodology to predict and correct the position of

the components at the beginning of the RV observations. This analysis es-

timated the zero-point drifts of the optical components. The components
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were to be brought back to the Zemax reference positions. This ensures that

the spectrograph is brought to the same reference position every time at the

beginning of the observations.

However, this analysis does not ensure the stability of the spectrograph

during stellar observations. Instrument and environmental perturbations

during observations result in shifts in the stellar absorption lines. The instru-

ment induced drifts disrupt the subtle Doppler shifts of the stellar absorption

lines. For this purpose, an iodine absorption cell was integrated with the

spectrograph. Later, a generic-algorithm was developed to track the shifts

induced due to the instrument. The algorithm and results obtained are dis-

cussed in Chapter 4.



Chapter 4

Instrument drift elimination us-

ing Iodine absorption cell

Sireesha Chamarthi, Ravinder K. Banyal, Sriram Sripadmanabhan, in Jour-

nal of Astronomical Telescopes, Instruments, and Systems, 5(2), 028004,

(2019) & Sireesha Chamarthi, Ravinder K. Banyal , S. Sriram, in Ground-

based and Airborne Instrumentation for Astronomy VII, Society of Photo-

Optical Instrumentation Engineers (SPIE) Conference Series 10702, 1070275

(2018).

4.1 Introduction

Major limitation in the case of precision radial velocity measurements is the

inability to disentangle drifts from instrument in astronomical observations.

This becomes a bottleneck in the case of a search of exoplanetary systems

around Sun-like stars. The radial velocity induced due to Jupiter on the Sun

is about 13 ms−1. Hence, the precision required in the case of RV spectro-

graphs is to a range of a few tens of ms−1 level. However, the drifts induced

from the instrument in the case of a general-purpose spectrograph are in the

order of 100 - 1000 ms−1. The fluctuations in the instrument are influenced
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by many factors like pressure and temperature effects, mechanical perturba-

tions which induce the location of a given line falling on the detector to vary

over time. This demands a need for having a simultaneous calibration source

for tracking drifts in the instrument.

An iodine absorption cell was incorporated at the entrance slit of the

spectrograph to enhance the science capabilities of the spectrograph. We

developed a simple algorithm as an alternative to the conventional forward

modelling approach, to detect the instrument drifts during the observations

by utilising the dense forest of absorption lines obtained from a temper-

ature stabilised iodine cell. The spectrograph has design level limitations

like movable grating and tilt in spectra. With the movable components and

the inherent spectral tilt, the standard forward modelling of Iodine and star

observations used for extracting the Doppler parameter becomes more com-

plicated. The approach developed does not use forward modelling but aims

to track and eliminate the instrument drifts in the spectrograph using iodine

absorption lines. This method is similar to the technique which uses time-

tagged Th-Ar frames (closest in time when the science target is observed) to

minimise the drift errors [Molaro et al. (2008); Whitmore & Murphy (2015)].

However, unlike the time-tagged Th-Ar case, the iodine absorption lines in-

terspersed with star spectra can track the instrument drifts even during the

observations of the science target.

4.2 Description of the Iodine cell installed at

the spectrograph

Iodine gas was sealed inside an 84 mm x 46 mm glass chamber. Optical glass

windows that are anti-reflection coated were fused at both ends of the tube.

The glass chamber was suspended in an aluminium cylinder with the help of

two Hylem sheets on top and bottom of the glass cell. Figure 4.1 shows the

image of the iodine cell inside the thermal enclosure. The aluminium cylinder



4.2 Description of the Iodine cell installed at the spectrograph 59

was surrounded by nichrome wire for heating. The prevention of heat loss

to the surroundings was ensured by placing the cell assembly inside a Hylem

outer enclosure with glass-wool filling in between the outer Hylem cylinder

and aluminium chamber.

Figure 4.1: Iodine absorption cell suspended inside an aluminium cylinder with the
help of Hylem sheets. Two Hylem sheets were placed at the glass windows of the cell.
Nichrome wire is used to heat the aluminium cylinder, and the temperature is maintained
at 60±0.2◦C. The cell was placed in the spectrograph room, and the heat loss from the
aluminium chamber was prevented with the help of glass-wool. The entire assembly was
placed in a Hylem outer cylinder of size 134 mm x 126 mm.

The temperature of 60±0.2◦C was ensured for the thermal stability of

the gas in the cell. The temperature was monitored with the help a thermis-

tor that was suspended in the air-gap between the aluminium cylinder and

the glass chamber. The heat from the aluminium cylinder was transferred

through the process of convection onto the glass cell. Figure 4.2 shows the

geometrical construction of the cell and the thermal enclosure.
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Figure 4.2: Cross-sectional representation of the iodine cell and the thermal enclosure
placed at the spectrograph entrance slit.

4.3 Integration of Iodine absorption cell with

the spectrograph

Iodine absorption cell was installed at the entrance slit of the spectrograph

in the telescope beam path. The cell was placed on an automated translation

stage that moves it in and out of the beam path during observations. The

iodine cell is used only for precision studies, for the rest of the observations,

by default cell is retracted from the beam path. The absorption lines of

the iodine are imprinted on the stellar continuum during the cell-in position.

The controller hardware and iodine cell assembly were integrated with the

spectrograph to facilitate regular observations. Figure 4.3 shows the iodine

cell integrated with the spectrograph assembly.



4.4 Limitations of standard Iodine cell technique with the
spectrograph 61

Figure 4.3: Iodine cell integrated with the Echelle spectrograph assembly at VBT,
Kavalur. Optical fibre seen in the foreground of the image transports stellar light and
calibration light from the prime focus of the telescope to the spectrograph room. An
Iodine absorption cell (shown retracted) is used to facilitate simultaneous calibration of
the spectrograph to improve the RV precision within 5000-6000 Å band.

4.4 Limitations of standard Iodine cell tech-

nique with the spectrograph

Accurate modelling of Instrument Profile (IP) of the spectrograph is a dom-

inant factor in the standard iodine RV analysis algorithm. More details on

the forward modelling approach implemented in iodine technique are given in

Chapter 5. In the case of Iodine technique, the IP is modelled by comparing

the high-resolution FTS spectra with that of fast rotating B star observa-

tions taken with Iodine cell [Valenti et al. (1995)]. The modelled IP is used

as input for the Doppler shift estimation. In the case of VBT Echelle, the

repeatability of the instrument was not ensured. Thus the IP estimated can-

not be used for the entire RV observational run. Also, IP modelling demands

an understanding of the modification of the spectral line by the instrument.

Accordingly, the effects of the instrument on the shape and position of the

extracted line profile were to be evaluated. A Zemax model of the spec-

trograph was developed in a non-sequential mode to analyse the shape and
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Figure 4.4: A single Gaussian does not fit the profile accurately. A Gaussian profile is
fit on one of the resolution elements obtained from the non-sequential mode of Zemax ray-
trace model. This resolution element is located at the edge of one of the Echelle orders.
Due to off-axis illumination and possible vignetting effect, the asymmetry arises in the
profile. The r2 value of the fit was obtained as 0.96445.

position of the pixelated slit image [Gibson & Wishnow (2016)]. From this

model, the inherent IP asymmetry of the system was analysed.

The individual slit images from Zemax model obtained were analysed

for asymmetries. The slit images were summed in the spectral direction

and spatial direction, respectively. The asymmetries in the spectral direction

would affect the RV accuracy; thus, the Gaussian profile fit in the X direction

was analysed. The asymmetry is established if multiple Gaussian profiles best

fit the profile in place of a single Gaussian profile. Figure 4.4 shows the single

Gaussian fit on the resolution element obtained from Zemax.

Multiple Gaussian fits analyse the asymmetry on the profile. A central

Gaussian combined with two satellite Gaussians were used to fit the profile

accurately. Figure 4.5 shows multiple-Gaussian fit on the slit image summed

up in the X-direction.

The estimate shows that the IP of the spectrograph has notable asymme-

tries. The asymmetries in the IP may originate due to the off-axis launching

of the starlight using fold mirror into the collimator assembly. As the spec-

trograph was not designed for precision studies, the effect of the asymmetries

originating from the design was estimated for RV measurements. As the
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Figure 4.5: A combination of three Gaussian profiles was used to fit the slit image
obtained from Zemax. The asymmetry in IP was obtained from the optical design of the
spectrograph. These asymmetries were to be considered in the data reduction algorithm
for RV analysis of the spectrograph. The r2 value of the fit was obtained as 0.99641. The
value shows the goodness of the fit in comparison to the single Gaussian.

star profile gets modulated by the instrument IP, the asymmetry in the IP

also varies across the wavelength range. Due to the lack of zero position-

ing of the optical components, the IP modelling might carry asymmetries

along with systematic errors with standard iodine technique. This would

complicate the forward modelling technique and demands the up-gradation

of the spectrograph. The thesis aimed to expand the science capabilities of

VBT spectrograph along with its regular observations (without hampering

the existing functionality). The iodine technique that is described in the

next section can be used for characterisation of hot-Jupiters with velocity

amplitudes up to few 100 ms−1.

4.5 Stellar observations with Iodine cell

4.5.1 Observational strategy

The technique that was developed is used to track and remove the instrument

drifts from the stellar observations. For RV studies, all the star observations

were taken with iodine cell in the beam path. Two sets of observations were
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Figure 4.6: The sequence of RV and Ref-star observations taken. The Ref-stars ob-
servations were bracketed in between the sequence of RV-star observations. The closest
Ref-star was used to correct for the instrument drifts in the RV-star. The ideal case would
be to take Ref-star observations after every RV-star, but the algorithm works under the
assumption that the spectrograph is stable within a time of 30 minutes.

used in the analysis:

� RV-star: The target star for the RV measurements. These obser-

vations were taken with the cell in the beam path, thus producing

composite spectra of iodine and stellar absorption lines.

� Ref-star: A rapidly rotating hot star (spectral type O, A or B) with-

out any spectral features in the wavelength range of iodine (5000-6000

Å). The iodine absorption lines were superimposed on the Ref-star con-

tinuum.

The RV-star observations were taken continuously and were bracketed

with Ref-star observations. This approach is similar to the bracketing tech-

nique for UVES spectrograph that used attached (closest possible) Th-Ar

observational frame for wavelength calibration [Molaro et al. (2008); Whit-

more & Murphy (2015)].

In this approach, the iodine lines superimposed on the closest possible Ref-

star continuum were used as a reference for determining the instrument drifts.

The algorithm steps are explained with the help of an example illustrated in

Figure 4.6. The first six RV-star observations were divided into two slots

to analyse the instrument drifts. The iodine lines in the first three RV-star

(1,2,3) observations were compared with the position of the iodine lines in

the first Ref-star. Similarly, the iodine lines in the following three RV-star

observations (4,5,6) were compared with that of second Ref-star. This second

Ref-star is shown in Figure 4.6 is the same Ref-star taken at a later point of
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time (usually at every 30 minutes interval). Correspondingly, the next set of

observations (7,8,9) of RV-star were compared with closest possible Ref-star

(second Ref-star) for estimating the shifts from the instrument.

Since the observations were taken with the cell in the beam path, the

iodine lines that are common for both Ref-star and RV-star were used for

analysing the instrument drifts. The Ref-star has iodine lines, and the RV-

star has both star and iodine features. The instrument induced shifts are

common for both stellar and iodine lines. The iodine lines in the Ref-star

were used as a reference to measure the instrument drifts registered in iodine

lines of the RV-star. The spectra of RV-star was then corrected to take out

the effect of the instrument. Finally, all the instrument fluctuations that

were induced in the iodine lines with respect to the first Ref-star observation

is corrected. These shifts were induced due to the instrument/environmental

variations, and they were removed from the resulting RV calculations of the

star.

4.5.2 Algorithm for the removal of the drifts from the

instrument

IRAF was used for primary data reduction procedures such as bad pixel

removal, scattered light subtraction, bias corrections, aperture extraction,

flat fielding, and wavelength calibration. A Th-Ar lamp spectrum was used

as a primary wavelength calibration source. The spectra were normalised in

IRAF. The wavelength calibrated and normalised spectra were used as input

to the instrument drift removal algorithm, which was developed in Python.

The main steps in the algorithm are as follows:

1. Interpolation of wavelength chunks: The Iodine region spectral

window (5000-6000 Å) was divided into smaller wavelength chunks of 5

Å each [Marcy & Butler (1992)]. Each chunk was interpolated to obtain

accurate sub-centroiding of the pixel [Gullberg & Lindegren (2002)].
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Figure 4.7: Ref and RV-star observations made with the iodine cell. The top panel of
the image shows the spectra of Ref-star (marked in red) and RV-star (marked in black)
taken with the iodine cell in the beam path. The Ref-star had no pronounced spectral
features of its own, and all the lines were seen are from the iodine gas. RV-star had both
stellar lines and iodine features (e.g. 5569 Å and 5572.5 Å). The iodine features are denser
compared to stellar absorption lines. The horizontal offset between two spectra seen in
the top panel is due to drifts from the instrument. The RV shift in the target star was
corrected in the bottom panel.

2. Instrument drift analysis from closest (in time) Ref-star: The

RV-star (star + iodine) spectra was first compared with the closest Ref-

star (iodine). The top panel of Figure 4.7 shows the relative displace-

ment in the iodine features between an RV and a Ref-star spectrum.

The cross-correlation method was used to compute the spectral shift

in each wavelength chunk [Simkin (1974)]. A second-order polynomial

was fitted to the output of the cross-correlation function to determine

the spectral shift.

3. Shifting of RV-star to the closest Ref-star spectra: Based on

the positional offset obtained from the cross-correlation, the RV-star

spectrum was shifted to the Ref-star position as shown in the bottom

panel of Figure 4.7. By taking out the instrument drifts this way, the

RV-star spectra were well matched with the spectra of Ref-star nearest

in time.

4. Instrument drift with respect to the first Ref-star : The shift
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RV-star Parameter Value Ref-star Parameter Value
Star Name tau Bootis Star Name HR5191
Apparent magnitude (V) 4.5 Apparent magnitude (V) 1.86
Spectral type F7 V Spectral type B3V B
Average exposure time 12 minutes Average exposure time 2 minutes

Table 4.1: Observational details of the target RV-star and Ref-star.

from the instrument removed from RV-star spectra in step 3 was con-

cerning the closest (in time) Ref-star observations. All Ref-star obser-

vations were correlated with the first spectral frame of Ref-star. The

RV-star spectra were shifted again with respect to the shifts calculated

from the Ref-star. Later, all the RV-stars were brought to the first

Ref-star position by eliminating the instrument fluctuations.

5. Final RV of the star : The RV-star observations were corrected

for instrument fluctuations. The first RV-star observation was used as

the template. All the instrument shift-corrected RV-star observations

were cross-correlated with respect to the template. A second-order

polynomial was fitted to find the shift in the wavelength calibrated

spectra from the result of correlation. The obtained wavelength shift

was used to calculate the radial velocity shift of the RV-star with respect

to the first (reference) RV-star. An average of all the wavelength chunks

was obtained for the final relative RV shift. The standard deviation of

all the wavelength chunks was taken as the error in the RV analysis.

4.6 Preliminary results

A well-studied planet-hosting star, tau Bootis was observed to validate the

approach, [Kaye et al. (2006)]. The details of the star and the observations

taken with the spectrograph at VBT are given in Table 4.1. The observational

log is given in Table 4.3.

Observations of tau Bootis made with the spectrograph were used to test

the algorithm. The results obtained were compared with the data taken
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Parameter Actual value Obtained value
Orbital Period (days) 3.31249 3.31241
Tperi (JD) 2450529.20000 2450528.93764± 0.00044
Eccentricity 0.07870 0.03670±0.00056
K1 (kms−1) 469.59 ± 14.86 470.302±0.00090

Table 4.2: Fit parameters obtained from the RVfit code are given in the obtained values
column. These values were compared with the published data for the star.

(available online at NASA’s Exoplanet Archive 1) with Lick-Hamilton spec-

trograph [Howard & Fulton (2016)]. The Echelle spectrograph at VBT was

equipped with the iodine absorption cell from March 2017. The cell was used

for observations during some of the nights from April 2017 - 2018. Many

stars were observed during this course of the nights. The observational site

experiences monsoon twice over the year. Though the sky conditions were

not that favourable all the times, some useful data was obtained to verify the

efficacy of the algorithm developed. A total of 32 observations were obtained

with tau Bootis star observed with the iodine cell. Figure 4.8 shows the

phase-folded analysis of star with our RV data along with the archival data

using RVfit code in IDL [Iglesias-Marzoa et al. (2015)]. The fitting param-

eters obtained from the phase folding analysis are given in Table 4.2. The

fitting shows that the procedure adopted gives results that are reasonably

close to those obtained with precision RV spectrograph.

4.7 Discussion

4.7.1 Impact of correlating Ref and RV-star

The impact of correlating Ref-star (iodine lines) with RV-star (product of

iodine and star lines) on the final radial velocity obtained was analysed in

the following ways:

� Synthetic spectrum of the star and high-resolution template spectrum of

1https://exoplanetarchive.ipac.caltech.edu/
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Figure 4.8: Phase-folded plot of RV estimated from tau Bootis observations from VBT
spectrograph and the archival data of Lick-Hamilton spectrograph [Howard & Fulton
(2016)]. The algorithm in Section 3 was used to obtained the RV of the star from the
observations.
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JD (2000) Radial velocity (kms−1) Uncertainity (kms−1)
2457871.1843 0.05995 0.03
2457871.2022 0.05270 0.04
2457871.2186 0.06292 0.03
2457871.2366 0.06267 0.02
2457871.2545 0.05602 0.02
2457871.2715 0.04926 0.04
2457871.2892 0.04884 0.02
2458181.3911 0.31474 0.02
2458181.4122 0.33236 0.02
2458181.4205 0.29238 0.01
2458181.4379 0.31520 0.02
2458181.4463 0.34261 0.03
2458181.4626 0.35096 0.04
2458181.4719 0.34691 0.02
2458181.49 0.39545 0.01
2458182.2818 0.29121 0.04
2458182.2902 0.35849 0.04
2458182.307 0.31847 0.05
2458182.3153 0.24898 0.04
2458182.331 0.18770 0.03
2458182.3392 0.24593 0.01
2458182.3527 0.17042 0.03
2458182.3615 0.36236 0.04
2458182.3797 0.26432 0.02
2458182.3881 0.25536 0.01
2458182.4023 0.22777 0.05
2458182.4106 0.18878 0.03
2458182.425 0.19093 0.03
2458182.4333 0.14799 0.04
2458182.4584 0.09066 0.02
2458182.4697 0.11465 0.04
2458182.4834 0.03204 0.01

Table 4.3: Julian date of observations and corresponding radial velocities obtained for
tau Bootis.
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iodine:

The synthetic spectra of the star and the high-resolution template spec-

trum of the iodine cell were used to evaluate the errors obtained due

to cross-correlation. The iodine lines in the template spectrum were

given a known amount of shift to verify if the algorithm predicts and

corrects for the shift in the iodine lines. Ideally, the iodine lines were to

be brought back to the reference position with zero shift. However, as

the iodine spectrum gets multiplied by the stellar lines, the correlation

of Ref-star spectrum with the RV-star to detect the shift in the iodine

lines might not be accurate to a scale of sub ms−1. The shift given

to the template iodine spectrum in the simulation was evaluated for

correction. The error obtained in the analysis of mean radial velocity

is 12.82 ms−1.

Along with this, the effect of the rotational velocity of the star on the

cross-correlation technique was analysed. For this purpose, a star with

small rotational velocity was evaluated for the effect of correlation on

the output. In this scenario, the template spectrum of 51 Pegasis (V

sin i = 2 kms−1) was obtained. The error obtained in the mean radial

velocity was 9.8 ms−1.

� Analysing the effect of star lines in terms of depth of the lines and

blending of star lines:

One of the RV-stars was analysed for radial velocity value from individ-

ual chunks in comparison with the final mean velocity. The RV values

in the chunks above the standard deviation from the mean position

were compared with stellar absorption lines in the obtained spectra.

These deviations would arise from the blending of star lines and due

to the depth of the star lines, as shown in Figure 4.9. The spectrum

of tau Bootis was taken with the spectrograph; the obtained RV values

using the algorithm discussed above were analysed.
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Figure 4.9: The spectral features of tau Bootis are compared with the RV shift (along
with deviation from the mean shift) determined from individual wavelength chunks. The
depths of the stellar lines and blending were analysed for the impact on the RV error. The
top panel shows a tau Bootis spectrum taken with the spectrograph. Each colour represents
an individual wavelength chunk within a particular order. The spectrum represented in
the grey is that of the Ref-star in the same order. The bottom panel shows the RV values
obtained from cross-correlation for individual wavelength chunks. The solid line is the
mean, while the dashed lines represent a 1σ departure from the mean.

As shown in Figure 4.9, the last chunk has a broadened absorption

feature of the star with a depth of around 0.65 from the normalised

value. This led to the deviation of the corresponding RV obtained from

the mean position. The obtained RV values were within the deviation

from the mean position where there is a lack of strong stellar features.

To further improve the accuracy of the technique, the star lines can be

masked, and the shift in the iodine lines between RV and Ref-star is to

be estimated.

4.7.2 Comparison with bracketing ThAr approach

In the case of bracketing ThAr approach, frequent ThAr lamps were used to

correct the wavelength calibration scale and estimate the shifts in the cali-

bration lamp lines before and after the astronomical observations. However,

this cannot be used to track the instrument drifts during observations directly

like the case of Iodine absorption cell technique discussed. This technique
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replaces the frequent ThAr exposures with Ref-star exposures before and af-

ter RV-star observations. These Ref stars were chosen as very bright stars

and were available within or in the nearby field of the RV star observations

to avoid observational time loss.

The shortcoming of the algorithm, however, lies in the introduction of io-

dine cell in the beam path, thus reducing the transmission efficiency compared

to bracketing ThAr approach. Apart from that, this technique requires the

Ref-star observations at an interval of 15 - 30 minutes with the spectrograph.

In the case of VBT Echelle, the limiting magnitude of the target RV-star

was V< 7, which also include non-optimal reflectivity of the telescope and

degradation of anti-reflection coating on the cell windows.

The reliability of the algorithm lies in the frequency of Ref-star obser-

vations. In case of the Echelle spectrograph at VBT, the spectrograph was

stable to a level of ∼40 ms−1 within the time-frame of 15 - 30 minutes. Thus,

there was an assumption that the instrument remains stable in that short

duration and also that IP is invariant within smaller wavelength chunk (typ-

ically 2–5 Å). This time interval of bracketing observations is to be decided

based on the stability of the spectrograph.

4.8 Summary

The traditional iodine technique uses complex modelling to measure the rela-

tive shift in the Doppler signal of star’s spectra [Valenti et al. (1995)]. Addi-

tionally, a high-resolution Fourier Transform template of the iodine spectrum

is also required to be maintained as part of the RV extraction procedure.

Discrepancies in IP modelling would affect the final RV measured using the

absorption cell. The asymmetries in the IP can be modulated due to the

presence of movable components and environmental perturbations.

We developed an alternative but a general approach of using iodine ab-

sorption cell to eliminate the instrument fluctuations from the RV observa-

tions of the star. This approach does not include modelling of IP to obtain
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the relative Doppler shifts. This algorithm cannot substitute the original for-

ward modelling approach developed by Marcy and Butler [Marcy & Butler

(1992)], but it can be used for general purpose spectrographs with inherent

limitations like movable components and environmental fluctuations.

With the experience and knowledge from developing the algorithm to

detect the instrument fluctuations, an attempt was made to establish the

actual forward modelling approach. Forward modelling technique can be

used for velocity precision ranges of a few ms−1 level. With this technique,

the science cases that cannot be achieved with the generic algorithm discussed

in this chapter can be addressed. The approach followed for the development

of the forward modelling technique is discussed in Chapter 5.



Chapter 5

Iodine cell forward modelling a-

pproach

5.1 Introduction

A Doppler shift in the spectral line can be measured by calculating the physi-

cal shift of the line on the detector. In the case of the Echelle Spectrograph at

VBT, as per the design, a shift of spectral line on the detector across 1 pixel

corresponds to a change in the radial velocity of 1000 ms−1. In other words,

to detect a shift of 10 ms−1, the spectral line shift is to be detected with

an accuracy of 0.01-pixel level. As discussed in Chapter 2, the instrument is

not stable to detect the shifts in the sub-pixel regime. The instrument shifts

during the observations are relatively substantial in comparison to the planet

induced Doppler shifts of the star spectra. The instrument induced shifts also

cause the positional variations on the spectral lines across the detector sim-

ilar to that of the Doppler shifts, making the errors dominant compared to

the measurement values. Thus, disentangling the artefacts of the instrument

from the RV measurements becomes crucial. The generic algorithm discussed

in Chapter 4 pushes the RV precision capabilities of the spectrograph to a

level of a few 10 - 100 ms−1. RV range of a few 10 ms−1 covers the planetary
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regime of hot-Jupiters along with transit follow-up studies.

However, to advance the detection sensitivity of the instrument to Earth-

sized planetary system, it is essential to push the precision limits to a few

ms−1 regime [Howard et al. (2013)]. Such capability can enable the spectro-

graph to be part of the Global survey programs for transit follow-up with

two-metre class telescopes [Mkrtichian et al. (2008)]. The goal of the ex-

oplanet survey programs using the Radial Velocity (RV) methodology is to

detect the Doppler shift induced by the planetary companion of the host star.

The RV determined from the stellar spectral lines is evaluated for periodicity

to confirm the existence of orbital companion. The small-scale systematic

variations in the RV of the star are to the level of few ms−1. For instance,

the RV shift induced by super-Earth orbiting a K-type star (detected by io-

dine technique) is around 3.59 ms−1 [Fulton et al. (2015)]. Iodine cell routine

uses a sophisticated forward modelling approach to extract small Doppler

shifts from stellar spectra. Developing the forward model procedure in order

to achieve RV precision of a few ms−1 was the main objective of the work

presented in this chapter.

The approach was first developed and demonstrated using the Echelle

spectrograph operating at the Lick Observatory 3-m telescope [Marcy & But-

ler (1992)]. The iodine technique requires modelling of the Instrument Profile

(IP) of the spectrograph, which is unique to the instrument [Valenti et al.

(1995)]. Following the success of the methodology, the code had been modi-

fied to implement it on other spectrographs. Since then, iodine cell technique

had been extensively used in detection of exoplanets at various telescopes

such as VLT-UVES operating at ESO [Kürster et al. (2000)], Keck obser-

vatory [Vogt et al. (2000)], the Anglo-Australian Telescope [Tinney et al.

(2001)], Tautenburg Observatory [Hatzes et al. (2005)], McDonald Observa-

tory 2.7m [Wittenmyer et al. (2006)]. Iodine cells as wavelength calibrators

for precision Doppler spectroscopy resulted in discoveries of many planetary

systems. Iodine cell observations were used in various exoplanetary detec-

tion like the first Earth-density planet [Howard et al. (2013)]; multi-planetary
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system hosting star [Butler et al. (1999)]. Apart from this, the Iodine cell

approach was also utilised in the characterisation of radii, masses and orbits

of small Kepler planets, that led to the transition from gaseous giant planets

to rocky planet discoveries . The discovery of rocky planets, sub-Neptune and

super-Earth like planets were possible with iodine cell due to the complex

forward modelling technique.

Conventional forward modelling procedure was developed and established

by Marcy & Butler [Marcy & Butler (1992)]. Although this code is not

available publicly, the details of the approach and the algorithm was described

by Butler et al. (1996). The procedure demonstrates not only estimating

the Doppler shifts of the star precisely but also modelling the Instrument

Profile (IP) of the spectrograph. The extensive iodine technique was built

using various IDL procedures [Xuesong Wang (2016)]. We made an effort

to build the code on an open-source platform for more accessibility. In this

chapter, the approach that was followed for developing the Doppler analysis

code in Python is described. The objective of this approach is to develop

the technique in an open-source platform like Python and further make it

available to the astronomical community.

The algorithm developed was evaluated for the radial velocity shifts pre-

dicted using a multi-parameter χ2 minimisation. Obtaining the Doppler

shifts by multi-parameter χ2 minimisation was pioneered and demonstrated

by Butler et al. (1996). In the approach that we developed, a high-resolution

template spectrum of the iodine gas was utilised along with the synthetic

high-resolution stellar spectrum. The model of the observed spectrum was

constructed by taking the product of the high-resolution iodine template and

the synthetic stellar spectra. Later, the product spectrum was convolved

with the Instrument Profile (IP) of the spectrograph.
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5.2 Overview of forward modelling using io-

dine absorption cell

As per the methodology, the iodine cell is installed at the entrance slit of

the spectrograph. The starlight passes through the iodine absorption cell

superimposing the iodine spectrum onto the stellar lines. In the mathemat-

ical interpretation, the composite spectrum of iodine on the stellar lines is

represented as the product of iodine and star spectrum, convolved with the

IP of the instrument. During the passage in the spectrograph, the product

spectrum might experience the drifts from the instrument. However, ahead

of the passing into the iodine cell/spectrograph, the stellar spectrum has in-

herent Doppler shift. Thus the star lines are shifted both by Doppler as well

as the instrument shifts. Nonetheless, the thermally stabilised iodine lines

experience only the instrument perturbations. The artefacts of the instru-

ment are to be disentangled from the Doppler shift measurements using the

dense iodine spectrum.

Doppler shift in the stellar spectrum is obtained by modelling the observed

spectrum with various free parameters (with Doppler shift being one of the

free parameters). More details about the free parameters used in the code

are given in Section 5.2.3. The observed spectrum is modelled, considering

the changes in the Instrument Profile (IP) of the spectrograph. The iodine

lines are used for modelling the IP of the spectrograph. The advantage of

using the iodine lines for modelling IP is that the iodine lines are sufficiently

narrow and remain unresolved by a typical astronomical spectrograph range

(R = 70,000). Therefore, the instrument profile can be modelled from the

observed width of the Iodine lines.

5.2.1 Modelling of the observations

The algorithm for implementing the forward modelling approach was illus-

trated in detail by various groups such as Butler et al. (1996); Endl et al.
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(2000); Hatzes (2016); Sato et al. (2002); Xuesong Wang (2016). The ap-

proach that we developed and described here was inspired majorly from de-

tails outlined by Butler et al. (1996); Hatzes (2016); Xuesong Wang (2016). A

brief overview of the forward modelling approach is discussed in this section.

The technique estimates the Doppler shifts in the stellar lines by modelling

the composite spectrum and comparing the modelled spectrum with actual

observations. Mathematically, the observed spectrum (star + Iodine) can be

modelled as:

Iobs(λ) = k[TI2(λ+ δλI2)IS(λ+ δλS)] ~ IP (5.1)

In Equation 5.1, the spectrum is modelled as the product of the intrinsic

stellar spectrum (IS) and transmission function of iodine (TI2), convolved

with the IP of the spectrograph. With k being the proportionality constant;

the symbol ~ representing the convolution in Equation 5.1. In the equation,

δλS is the shift estimated in the star spectrum. Whereas, δλI2 is the shift in

the iodine spectrum. The Doppler analysis is done on individual wavelength

chunks of 2 - 5 Å [Butler et al. (1996); Marcy & Butler (1992)].

To model the observations for Doppler retrieval according to Equation 5.1,

the intrinsic spectrum of the star as well as the iodine were to be modelled.

Estimation of radial velocity using the iodine approach involves four major

constituents:

� Transmission function of the iodine cell (TI2) : Since iodine

lines are unresolved using the conventional astronomical spectrographs,

laboratory-based Fourier Transform Spectrograph (FTS) is used. FTS

is used to obtain a very high-resolution spectrum ( R ≈ 1000,000) that

serves as Iodine template (TI2). A white light source is used as the

input, and a high SNR spectrum of the iodine gas present in the cell is

obtained using the FTS over 5000 - 6000 Å wavelength range.

� Instrument Profile modelling (IP) : A hot, rapidly rotating early-

type (B) star observations are obtained with the iodine absorption cell
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in the beam path (IB). Fast rotating B star has no (or very few) spec-

tral lines in the wavelength range of iodine; thus, the output spectrum

has only super-imposed iodine lines. The resultant spectrum is mathe-

matically represented as the convolution of iodine lines with the IP of

the spectrograph, as shown in Equation 5.2.

IB = TI2 ~ IP (5.2)

The very high-resolution FTS spectrum of iodine (TI2) is used as the

input to model the IP by comparing it with the observed spectrum

(IB). The model of the IP is obtained by matching the binned FTS

spectrum with the observation taken with the spectrograph. The IP

obtained must be 4-5 times over-sampled for the process of convolution.

More details of modelling the IP are given in Section 5.2.2.

� Intrinsic stellar template spectrum (IS) : A high-resolution, high-

SNR template spectrum of the star (for which RV is to be estimated)

is either obtained from the spectrograph or numerically synthesised

from the stellar atmospheric models. In general, the stellar spectrum is

modelled using the observations taken with the Echelle spectrograph.

As the starlight passes through the spectrograph, the instrument profile

broadens the star lines (by convolution of the stellar spectrum with

IP). However, the high-resolution template spectrum before entering

the spectrograph is required as the input for the Equation 5.1. For this

purpose, the modelled IP is to be deconvolved from the observed stellar

spectrum. The stellar spectrum used for this step is obtained without

the iodine cell in the beam path. The deconvolved spectrum is to be

over-sampled using interpolation to match the sampling resolution of

the Iodine template.

� Model of the observed spectrum (Iobs) : The observation of the

star spectrum taken with the iodine absorption cell in the beam path
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is modelled. The model is constructed using the template spectrum of

iodine (TI2), IP of the spectrograph, intrinsic stellar spectrum (IS) as

shown in Equation 5.1. The product of the star and iodine template

has to be convolved with the IP of the spectrograph. This convolved

spectrum is then down-sampled to match the CCD pixel sampling used

in actual observations. The iterative least-square fitting of the model

to the observations yield the Doppler shift of the star.

5.2.2 Modelling of IP

In order to obtain an acceptable RV precision, accurate modelling of IP is

crucial. Accurate modelling of IP of the spectrograph was first proposed by

Valenti et al. (1995). In general, the IP profile can be characterised as a sum of

several Gaussians [Hatzes (2016)]. The central Gaussian is modelled, and the

satellite Gaussians are added to introduce asymmetries. The mathematical

form of IP(x) is given as

IP (x) =
10∑
n=1

An exp
[
− 1

2

(x− µn

σn

)2]
(5.3)

In the Equation 5.3, the IP(x) is represented as a sum of Gaussian kernels,

An denotes the amplitude of the Gaussian. Whereas σ and µ denotes the

width and the centroid positions of the Gaussian kernels. The number of

Gaussians to be added for modelling of IP depends on the asymmetries in

the IP of the spectrograph. KECK/HIRES uses 12 free parameters [Xuesong

Wang (2016)], whereas ten and six satellite Gaussians were used for HDS and

HIDES, respectively [Sato et al. (2002)].

5.2.3 Estimation of the radial velocity

The constructed model takes into account the Doppler shift in the stellar

spectrum as well as the shift in the superimposed iodine spectrum. As shown

in Equation 5.1, δλI2 is the shift in the iodine lines due to artefacts of the
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instrument. Whereas, δλS is the shifts in the star spectrum. Instrument shift

being common for both the star and the iodine spectrum, the final Doppler

shift is estimated, as shown in Equation 5.4.

δλ = δλS − δλI2 (5.4)

The final radial velocity is obtained by iterative way of matching the

constructed model with the actual observations for wavelength bin of 2 - 5

Å. The wavelength chunk size depends on the variation of the IP across the

range. The summary of the functionality of the algorithm, along with the

free parameters, is as follows [Hatzes (2016); Xuesong Wang (2016)] :

� Initially, the stellar template spectrum is re-sampled to a finer wave-

length grid that is four times the pixel sampling used in original obser-

vations. This interpolation requires dispersion to be calculated. How-

ever, the RV is obtained for individual wavelength chunks of 2 - 5 Å

wide. This requires a second-order polynomial for determination of the

dispersion equation for each chunk. Hence, three free parameters are

needed for this input.

� Next, the stellar reference spectrum is shifted by the input Doppler

shift, which is given as a free parameter.

� The Doppler-shifted star spectrum is multiplied with the template io-

dine spectrum. The product is to be convolved with the modelled IP

of the spectrograph. The IP modelling varies from instrument to in-

strument. In a real-time application, the case of on the Tautenburg 2m

Alfred Jensch Telescope, the modelling of IP of a combination of five

Gaussians require typical of nine free parameters [Hatzes (2016)].

� The modelled spectrum is rebinned onto the observational CCD pixel

grid. Each observational wavelength chunk is treated for the blaze and

the stellar continuum normalisation. For this purpose, the observed

spectrum is divided by the normalised model spectrum. The slope in
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the continuum is removed by fitting a linear function. The construction

of linear function requires two more free parameters.

The values of δλI2, δλS and proportionality constant (k) in the Equation

5.1 are obtained by least-square fitting to the composite spectrum. By the

process of multi-parameter χ2 minimisation, the model is matched with the

observation to determine the Doppler shift in the stellar spectrum. The

Doppler shift contains the stellar radial velocity as well as the barycentric

velocity of the telescope with respect to the star. The final Doppler shift is

estimated by correcting for the barycentric velocity. All the radial velocities

are measured with respect to the template spectrum.

5.3 Forward-modelling approach in Python

The algorithm was developed making use of packages available in Python like

numpy, scipy, lmfit, PyAstronomy. Two sets of the spectrum were used as

part of the analysis:

� High resolution template spectrum of Iodine:

The high-resolution transmission function of the iodine cell was mea-

sured using a Fourier Transform Spectrometer at the Bhabha Atomic

Research Centre (BARC), Mumbai, India. The instrument used was

Bruker IFS 125HR, this is a commercially available high-resolution

Fourier Transform Spectrograph (FTS) designed for applications of the

laboratory of High-Pressure physics division at BARC. The FTS has

two feeds, one entrance for a collimated beam and the other for a fo-

cused beam. The collimated beam entrance was used to inject the light

from a reflective collimator. The light from the xenon-tungsten lamp

was fed onto the reflective collimator through a fibre. A quartz beam-

splitter was used with a silicon detector for the analysis. The spectrum

was obtained with a resolution of 0.02 cm−1. It was noticed that the

pressure in the cell is higher compared to the iodine cells employed on
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other spectrographs. This resulted in the spectral lines getting satu-

rated above R = 100,000. However, the resolution of FTS spectrum (R

= 100,000) obtained is higher compared to the resolving power of VBT

Echelle (R = 60,000). The FTS spectrum was over-sampled compared

to the spectral range of the Echelle at VBT. Figure 5.1 shows the high

resolution transmission spectrum of iodine cell. The wavelength range

used in the analysis was from 5000 - 6000 Å.

Figure 5.1: Top panel: High-resolution template spectrum of the iodine cell obtained
using the Fourier Transform Spectrograph. The iodine spectrum was obtained in a wave-
length range of 5000 - 6000 Å. Bottom panel: Zoomed-in version of a five Å wavelength
chunk.

� Synthetic spectrum of the star:

The high-resolution template spectrum of the star (IS) in Equation

5.1 was numerically computed with the model atmosphere. An open-

source automated spectroscopy tool iSpec had been utilised to syn-

thesise the stellar spectrum [Blanco-Cuaresma et al. (2014); Blanco-

Cuaresma (2019)]. To validate the algorithm (discussed in Section

5.3.2) and generate input spectrum of different categories, various syn-

thetic spectra of the stars were obtained with varying resolving power,

Signal to Noise Ratio (SNR), wavelength range, and stellar rotational

velocity. Figure 5.2 shows a typical synthetic spectrum of a G-type star
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generated with a resolving power of R = 200,000.

Figure 5.2: A high-resolution synthetic spectrum of a G-type star. The resolving power
with which the spectrum was generated is R = 200,000. The wavelength range used in the
analysis is from 5000 - 6200 Å. The 1200 Å wavelength range was divided into four panels
for convenient display. Each panel in the plot shows a wavelength range of 300 Å each.

5.3.1 Synthesising the spectrum

As a trial, a synthetic spectrum was used as input instead of the actual ob-

servations. The stellar template spectrum (IS) in Equation 5.1 was replaced

by a synthetic spectrum in the approach developed. As the input spectrum

was synthetic, the observations obtained with the spectrograph were also to

be synthesised. The synthetic spectrum differs from the observed spectrum

occurs in terms of the Doppler and the instrument shifts. The synthetic

template spectra are immune to these shifts.

The Doppler shift in the observed star spectrum was mimicked by adding

a programmatic Doppler shift to the synthetic spectrum. Later, the Doppler-

shifted synthetic stellar spectrum was perturbed systematically to simulate

the instrument drifts. The iodine spectrum was also shifted by the same

amount of the instrument induced shift given to the star spectrum. These

shifts were applied to the individual spectra using the procedure developed

in Python.
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The Doppler shift results in a spectral shift on the wavelength scale. This,

in turn, shifts the flux of the spectrum. Equation 5.5 gives the shift in the

wavelength scale induced due to Doppler shift in the star. RV in the equation

represents the Radial Velocity in ms−1, resulting in the shift in the wavelength

scale λshift from λ. Whereas, c represents the speed of light in ms−1.

(λshift) = (λ)(1.0 +RV/c) (5.5)

From the obtained wavelength shift, the flux values were interpolated.

INTEP algorithm from PyAstronomy 1 was used for this purpose. The al-

gorithm is described by Hill et al. (1982). The output of the function is the

shifted wavelength and the flux values for the given RV.

Later, the input spectrum was obtained by the product of the shifted

star and iodine spectrum. The IP of the spectrograph was modelled to bring

the high-resolution spectra to the resolution of the instrument (R = 70,000).

More details on the IP used for convolution are given in Section 5.3.2. Finally,

the model spectrum was produced by convolution of the product spectrum

with the IP of the spectrograph.

5.3.2 Details of the algorithm

The crucial stages in the simulation of the observed spectrum using the al-

gorithm are as follows:

1. Dividing the spectra into multiple wavelength chunks : The ini-

tial step in the analysis was to divide the iodine and the stellar spectra

into wavelength chunks of 5 - 10 Å each. Each chunk is modelled inde-

pendently and analysed for shifts. Figure 5.3 shows the high-resolution

template spectrum of star and iodine in 5 Å wavelength range. As

shown in the figure, the number of iodine lines are higher compared

to the stellar spectral lines. The line density of iodine is much higher

compared to the star spectral lines.

1https://github.com/sczesla/PyAstronomy
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Figure 5.3: High-resolution template spectrum of iodine displayed in blue in comparison
with the synthetic spectrum of the star displayed in red. The density of iodine lines is
much higher compared to the stellar spectrum. This makes iodine spectrum ideal for
determining the fluctuations from the instrument.

2. Obtaining the input spectrum : The input spectrum was modelled

as the product of the individual high-resolution template spectra of

iodine and star. Prior to this, the spectrum is to be over-sampled

to estimate the Doppler shift. For this purpose, the spectra were re-

sampled into a finer wavelength grid by a factor of 4. INTEP algorithm

from PyAstronomy 2 was used for this interpolation in the wavelength

grid.

3. Convolution of the product spectrum : In this approach, the

IP was approximated as a single Gaussian kernel. The assumption of

modelling the IP with a single Gaussian might not be accurate for typ-

ical astronomical spectrographs. However, this code was developed on

synthetic data and not the actual stellar observations. Thus, a single

Gaussian kernel to vary the spectral resolution is valid for synthetic

spectrum. The kernel was used to convolve the composite spectrum

to a resolution of R = 70,000. The product spectrum of the iodine

and the star was convolved with the Gaussian IP for individual wave-

length chunks. Figure 5.4 shows the high-resolution product spectrum

2https://github.com/sczesla/PyAstronomy
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in comparison with the convoluted spectrum.

Figure 5.4: Comparison of the product of the high-resolution template spectrum with
that of the convolved spectrum. First panel: FTS spectrum of iodine in a five Å wavelength
range from 5350 - 5355 Å (represented in blue). Second panel: Synthetic spectrum of a
G-type star in the same wavelength range (represented in green). Comparison of the first
two panels shows that the iodine lines are much denser in comparison to the stellar lines.
Third panel: Product of the high-resolution iodine and the stellar template spectrum
(represented in red). This product spectrum is the input to the spectrograph. Fourth
panel: The product spectrum is convolved with a Gaussian kernel (R = 70,000), resulting
in broadening of the spectral lines as shown in the panel (represented in black). The
resultant shown in this panel determines the input spectra convolution with the IP of the
spectrograph (system function).

4. Comparing model with the template spectrum by calculating

reduced χ2:

A python function was written to match the over-sampled model spec-

trum with the synthesised observational spectrum. Synthesised ob-

served spectrum generation is discussed in Section 5.3.1. As given in

Equation 5.1 and Equation 5.4, δλS and δλI2 are to be estimated for

evaluation of the Doppler shift. Thus, the function declared had free

parameters for a) the instrument induced shift in the iodine spectrum

and b) the (Doppler and instrument) shift in the stellar spectrum.

Along with this, the full-width half maxima (FWHM) of the Gaussian

for convolution of R = 70,000 was given as the input to the function.

The function was optimised for the shifts in both the spectra using
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multi-parameter χ2 minimisation [Butler et al. (1996)]. Least-square

fitting optimisation routine was utilised from Scipy library of Python3

for the modelling. The function obtains the best match between the

observation and the model by altering the free parameters based on

the initial estimate. The result of the minimisation is a) the shift in

the iodine spectrum from the template position and b) the shift in the

stellar spectrum from the reference position.

5. Final estimate of the RV of the star The instrument drifts are

common for both the star as well as the iodine spectrum. The algorithm

estimates the shifts from the instrument in the iodine spectrum. These

instrument shifts were removed from the shifts estimated in the stellar

spectrum as given in Equation 5.4. The RV analysis was done on

individual wavelength chunks. The final Doppler shift of the star was

evaluated as the average of all the wavelength chunks. The error in the

analysis was estimated as the standard deviation of the chunks.

5.4 Validation of the algorithm

Validation of the algorithm was done in two phases: a) Individual spectrum

of iodine and star were given a known shift. The algorithm was validated

by comparing the given and the obtained RV values. b) Along with this, a

high-resolution template spectrum was convolved with a single Gaussian, and

the predicted parameters of the Gaussian kernel were estimated to validate

the algorithm.

5.4.1 Doppler shift evaluation

A high-resolution template spectrum of a G-type star was used to validate the

algorithm. The stellar spectrum was given a known simulated Doppler shift,

and the algorithm was tested to retrieve this shift. The RV ranges used in the

3https://docs.scipy.org/doc/scipy/reference/tutorial/optimize.html
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validation was from 1000 ms−1 to 1 ms−1 level. The template spectrum was

shifted from the reference position with a known Doppler value. This shifted

template spectrum was given as the input to the algorithm. The Doppler

shift in the spectrum was given as the free parameter in the algorithm. The

result of the algorithm gives the estimated shift from the reference position.

The obtained shift was compared with the given shift. Figure 5.5 shows the

shift corrected spectrum for a RV value of 1000 ms−1. The result shows that

the shifted spectrum matches with the modelled (predicted) spectrum from

the reference position. Even though the entire range of RV was analysed, for

the display purpose, 1000 ms−1 shift was shown.

Figure 5.5: A representative spectral chunk showing the model fit to the data. The
reference position of the spectra is shown in green colour in the plot. The spectrum was
given a simulated RV shift of 1000 ms−1. The shifted spectral points are shown in red.
The algorithm was given the reference spectrum and the shifted spectrum as inputs, to
estimate the shift between the spectra. The result of the algorithm (shown in blue) was
used to visually compare with the actual shift position (shown in red).

5.4.2 Gaussian kernel evaluation

The algorithm was verified for the prediction of FWHM of the Gaussian

kernel used for broadening a high-resolution template spectrum of a G-type

star. The synthetic spectrum was convolved with a Gaussian kernel. The al-

gorithm was validated to predict the FWHM of the kernel used. The FWHM
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of the kernel determines the resolution of the resultant spectrum. The algo-

rithm was tested for various Gaussian kernels with resolving power ranging

from R = 30,000 to 90,000. Figure 5.6 shows the shift corrected spectrum for

a resolving power of R = 70,000. The code was minimised for the FWHM of

the kernel as a free parameter. The output of the function was the predicted

FWHM value in terms of resolving power. Figure 5.6 shows that the input

broadened spectrum matches with the modelled (predicted) spectrum.

Figure 5.6: Verification of the algorithm for retrieving of the FWHM of the Gaussian
kernel. The input broadened stellar template spectrum is displayed in green in the plot. A
single Gaussian kernel with normalised amplitude was used for convolution. The resultant
resolving power was given as the free-parameter to the χ2 minimisation. The output of
the minimisation function gives the estimated Gaussian FWHM in terms of the resolving
power. The result of the function was used for convolution on the template spectrum to
verify if the match was obtained. The convolved spectrum from the minimisation function
is shown in blue. The plot overlaps on the original broadened spectrum validating the
algorithm for Gaussian kernel estimation.

The algorithm utilises a single Gaussian kernel for modelling IP, hence

only the width of the Gaussian was given as a free parameter. The normalised

Gaussian kernel was constructed for modelling the IP. Even in the real-time

estimation of the IP, all the Gaussian parameters were not allowed to vary

during the fit [Hatzes (2016)]. This approach can be extended to multiple

Gaussians in the future. The width of the central Gaussian along with the

width and amplitude of satellite Gaussian are to be given as free parameters

to model the asymmetries in the IP [Hatzes (2016)].
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5.5 Spectrograph requirements for precision

RV measurements

The achievable RV precision is not only dependent on simultaneous wave-

length calibrator but also the spectrograph parameters such as resolving

power, signal-to-noise ratio, wavelength range [Hatzes et al. (2010)]. Various

numerical simulations were performed by Hatzes & Cochran to determine

the attainable precision in RV based on the parameters of the spectrograph

[Hatzes & Cochran (1992)]. We had attempted similar simulations on the

synthetic spectra with the algorithm developed to evaluate the precision ca-

pabilities. This also serves as another validation for the algorithm to evaluate

the dependencies of precise RV measurements.

From the numerical analysis, Hatzes & Cochran had deduced an expres-

sion for requirements of a spectrograph for precision RV measurements as

given by Equation 5.6. The equation demonstrates the relationship between

the error in the RV obtained and the specifications of the spectrograph. The

error in the radial velocity ( σ ) is measured in ms−1. In the equation, C

represents a constant factor; R is the resolving power of the spectrograph.

Whereas, B is the wavelength coverage and S/N is the Signal to Noise Ratio

(SNR) of the spectrum.

σ = CR−3/2(S/N)−1B−1/2 (5.6)

Various synthetic spectra were used as input for the analysis. The wave-

length range of 5000 - 6000 Å was used for both the star and the iodine

spectrum for the analysis. The spectra were given a known Doppler shift;

the parameters shown in the Equation 5.6 were varied. The algorithm was

evaluated based on the predicted shift in the spectra from the reference posi-

tion. The dependency of spectrograph parameters on the achievable RV was

established by varying the parameters (R, S/N, B) shown in the Equation

5.6 and estimating the error in the RV (σ). The error in the RV as a function
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of the spectrograph and the star parameters were assessed as follows:

5.5.1 Effect of resolving power

The RV dependency was validated using synthetic spectra with varying re-

solving powers from 30,000 to 80,000 in the steps of R = 10,000. The al-

gorithm was used to evaluate the error in estimated RV as a function of

the given resolving powers. The template spectrum was given a simulated

Doppler shift of 1 ms−1. The error in the RV values estimated with respect

to the given shift was evaluated for each resolving power. The obtained de-

viation was fit with a polynomial of σ ∝ R−3/2. Figure 5.7 shows the error

in the RV values estimated as a function of the resolving power.

Figure 5.7: Error in radial velocity value estimated with respect to the resolving power.
The black dots represent the error in the predicted value for given resolving power. The
blue line represents the fit of σ ∝ R−3/2 as given in the equation. Note that the scale of
the error bars was decreased by a factor of 10 ms−1 for the display purpose.

From the analysis, it can be deduced that the error in the RV decreases as

the resolving power of the spectrograph increases. In the case of a spectrum

taken at higher resolving power, each pixel in the CCD corresponds to a

smaller shift in the RV compared to the spectrum taken at a lower resolving

power [Hatzes (2016)]. In order to detect an RV shift of a few ms−1, it is

essential to measure the spectral line drift with sub-pixel accuracy. This is
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possible in the case of the spectrum taken at a high resolution. Thus, as the

resolving power increases, the error in the RV decreases. The high resolution

of the spectrum results in high dispersion. Nevertheless, as the size of the

CCD is fixed, the high-resolution spectrum has a limited (smaller) wavelength

range. Taking into consideration the wavelength range dependency with the

resolving power, the error in the RV was estimated as σ ∝ R−3/2 in the works

of Hatzes (2016).

5.5.2 Effect of Signal to Noise Ratio

The synthetic spectra of a G-type star were generated with varying SNR

to evaluate the error in the determined RV value. The range of SNR used

in the analysis was 50, 100, 300, 500, and 1000. Random noise of Poisson

distribution was added to the spectrum to vary the SNR. The deviation of

the RV (from the given value) was estimated as a function of the SNR. The

template spectrum was shifted by a level of 1 ms−1 using the program. The

algorithm was evaluated for the predicted RV with spectra of varying SNR.

The relationship between the errors in the RV values and the SNR of the

spectra is estimated. The function used for fitting the data is σ ∝ (S/N)−1.

Figure 5.8 shows the error in the RV values estimated as a function of the

SNR.

From Figure 5.8, it is clear that the RV errors scales inversely with SNR

of the spectra. The determination of the centroid of the spectral line is not

accurate on noisy data. Thus, the precision limits required for Earth-like

planet detection, demand the spectra with very high SNR. It was observed

that this estimate remains valid for all the spectral resolutions as long as the

lines were resolved.

5.5.3 Effect of wavelength range

The effect of wavelength range on the error induced in RV was estimated

by using the same spectra of a G-type star with multiple wavelength ranges.
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Figure 5.8: The algorithm was evaluated for the effect of SNR on the estimated RV.
The black dots represent the error in the predicted value (of a 1 ms−1 Doppler shift) for
a given SNR. The blue line represents the fit of σ ∝ (S/N)−1 as given in the equation.
Note that the scale of the error bars was decreased by a factor of 10 ms−1 for the display
purpose.

The wavelength stretch evaluated on the spectra is 2, 5, 10, 20, 50 and

100 Å. The RV value was estimated on a given Doppler shift of 100 ms−1

with varying wavelength range. The error in the RV values obtained from the

algorithm demonstrates the impact of the wavelength range on the estimated

radial velocity. The error in RV and the wavelength range were fitted with

a polynomial of σ ∝ B−1/2. Figure 5.9 shows the effect of wavelength range

on the estimated RV.

The extent of the spectral wavelength determines the precision in the

RV obtained. The spectrum used in the analysis with a higher wavelength

range would result in less deviation of the predicted RV from the nominal

position. The Doppler shift of the star can be deduced from every spectral

line, provided the spectrograph is very stable, and the calibration accuracy is

very high. However, in practical applications, determining RV from a single

line is very challenging. Hence, the number of spectral lines used can be

increased to diminish the error in the RV measurements. The error reduces

by a factor of
√
N with respect to that of a single line if N lines are used in

the estimation of RV [Hatzes (2016)]. Figure 5.9 shows that the error bars
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Figure 5.9: The error in the RV value obtained as a function of the wavelength range.
The error in the RV obtained for the given wavelength ranges are presented as the black
dots. The Doppler shift given to the spectrum for this analysis is 100 ms−1. The blue
line represents the fit of σ ∝ B−1/2 as given in the equation. Note that the scale of the
error bars was decreased by a factor of 10 ms−1 for the display purpose. Apart from this,
the wavelength chunk of 2 Å displayed as the first point has the error bar decreased by a
factor of 100 ms−1 for the display with respect to the other values.

for 2 Å wavelength chunk are high in comparison to 10 Å range or above.

5.5.4 Effect of stellar rotational velocity

Apart from the instrument parameters, the relationship of the RV precision

with the stellar rotational velocity (v sini) was also verified. Synthetic spectra

of a G-type star was generated with varying rotational velocity in terms of

0, 5, 10, 20, 30, 50, 75, and 100 kms−1. The simulated Doppler shift on

the synthetic spectrum was 1 ms−1. The error in the obtained values was

compared with the given rotational velocity of the star. The error in RV and

the stellar rotational velocity were fitted with a polynomial of σ ∝ vsini.

Figure 5.10 shows the effect of v sini on the error in the estimated RV.

Increase in the stellar rotational velocity leads to broadening of the spec-

tral lines. These trends were also demonstrated earlier by Saar et al. (1998).

The broadened spectral lines have a limitation on the accurate determina-

tion of the centroid. Rotational velocity and the intrinsic stellar activity is

a significant limitation in candidate selection of Exoplanet search programs
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Figure 5.10: Stellar rotational velocity varies linearly with the error in the RV value.
The values of error obtained for the corresponding v sini are represented as the black dots.
The Doppler shift of 1 ms−1 was estimated for this analysis. The blue line represents the
linear fit of σ ∝ vsini. Note that the scale of the error bars was decreased by a factor of
10 ms−1 for the display purpose.

[Bouchy et al. (2001)]. Stars with large rotational velocities cannot be part

of the RV survey sample. Most of the survey programs have a limiting value

on the rotational velocity of 4000 ms−1 [Bouchy et al. (2001)].

5.6 Discussion

All the analysis in this chapter was done using synthetic spectra. These stud-

ies will help to improve and fine-tune the forward modelling code, later to be

used with actual spectra. Even though the implementation of iodine tech-

nique on the spectrograph was one of the primary objectives of the thesis,

during this process, we had to address the existing limitations of the spec-

trograph. A considerable amount of the time in the course of the work had

gone to the upgrading and testing of the spectrograph.

Apart from this, it was observed that the pressure in the cell was higher

compared to the iodine cells employed on other spectrographs. Due to this,

the spectral lines in the Fourier transform spectrum were saturated. This

led to obtaining the FTS at a lower resolution compared to the FTS of other
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cells available with different spectrographs. These issues with the FTS had

led to the development of a generic algorithm, as discussed of Chapter 4,

wherein the FTS data of the cell was not used. Typical resolution of the

FTS spectrum available with other existing spectrographs is to a range of R

= 1,000,000 [Reiners et al. (2016)].

Along with the issues mentioned above, the other major limitation in the

case of VBT Echelle spectrograph is the sky conditions. The observations

obtained from the allocated slots were less. Figure 5.11 shows a comparison of

the actual observational time with respect to the allocated observational slots.

The humidity in the site reached very high (90 %) by midnight. As discussed

in Section 4.6 of Chapter 4, the monsoon conditions on the site had also

effected the observations. The poor weather qualities at the observing site

had led to the use of a synthetic spectrum instead of the actual observational

spectrum for the development of forward-modelling technique. Along with

this, the IP was modelled as a single Gaussian kernel. Nevertheless, these

approximations do not diminish the significance of the forward modelling

approach developed. We intend to use the forward modelling technique that

had been developed on the existing high-resolution archival data to evaluate

the results further.

From this analysis, it can also be noted that the errors discussed as part of

the validations were not due to the approximations made. The errors in the

RV estimated with respect to the spectrograph parameters were matching

with the discussions of Hatzes (2016). Assuming a known IP in the analy-

sis would result in a better estimate of the stability of the spectrograph for

precision RV measurements [Kürster et al. (1994)]. Also, the approach is

valid even if the IP is assumed to be a single Gaussian. The Gaussian kernel

assumed here is constant for the entire wavelength range, and it is not de-

pendent on the wavelength chunk. Nevertheless, to retain the essence of the

original forward modelling algorithm and also include the IP modelling in the

future, the modelling of the spectrum was divided into multiple wavelength

chunks for the analysis.
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Figure 5.11: Comparison of the allocated days for the observation with the observed
days. The orange bar shows the allocated nights. The green bar over-plotted on the
orange bar shows the observed nights. Due to the bad sky conditions and the humidity
the observations were not possible with the telescope. Thus, the complete allocated time
could not utilised.

5.7 Summary

An attempt was made to develop a forward modelling technique using open-

source software. This would make the code more accessible to the astronom-

ical community. As part of this, the algorithm developed had been discussed

in detail in this chapter. The analysis code was also validated in various

ways. First, the individual sections of the algorithm for RV estimation and

Gaussian kernel prediction were validated. The algorithm was also tested for

the instrument and Doppler shifts on the composite spectrum. The iodine

spectrum has an instrument drift, and the stellar spectrum has a combination

of Doppler and instrument shift. The algorithm estimates the final Doppler

shift in the star spectrum by eliminating the artefacts from the instrument.

Later, the dependency on the obtained RV precision with the spectro-

graph parameters was analysed. To this end, the signal to noise ratio, wave-

length range and the resolving power of the spectrograph were estimated as

a function of the errors in the RV obtained. Apart from the spectrograph

parameters, the effect of the stellar rotational velocity on the achievable pre-
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cision was also analysed. All these studies of the dependencies of spectro-

graph specifications also serve as a validation of the algorithm with variable

parameters.



Chapter 6

Conclusion and Future Work

Sireesha Chamarthi, Ravinder K. Banyal, Sriram Sripadmanabhan, in Jour-

nal of Astronomical Telescopes, Instruments, and Systems, 5(3), 038003,

(2019).

6.1 Summary

Three novel aspects of the thesis are:

� Implementation of precise RV measurements on general-purpose Echelle

spectrograph at VBT.

� Development of a mechanism to predict and correct for the instrument

drifts using the Zemax model.

� Development of a generic algorithm to track instrument drifts during

observations using iodine cell.

Instrument instability is a major barrier for science programs relying on

high precision Doppler spectroscopy. Modern spectrographs are designed to

achieve a precision of 1-10 ms−1. The motivation of the thesis is to em-

ploy an existing general-purpose spectrograph for precise RV measurements
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with minimal changes in the design and usage. However, utilising the exist-

ing spectrographs for precision spectroscopy is not always a straightforward

matter. There are various design level measures that are to be taken care of

during build phase for precise RV measurements.

Nonetheless, building a dedicated RV spectrograph is very expensive in

terms of money and time, along with that, it also requires technical expertise.

It is resourceful to utilise the extensive network of existing small telescopes

equipped with high-resolution spectrographs for measurements which require

great observing time in large telescopes. Also, the compelling reason for

making use of the small telescopes is to enhance follow-up and precursor

observations of large telescopes/space-based surveys. In that context, this

thesis attempts to utilise the high-resolution Echelle spectrograph equipped

with VBT for precision spectroscopy.

However, owing to the design and usage level limitations of the spectro-

graph operating at VBT, the instrument could not be directly deployed for

precision RV measurements. A series of tests were conducted to measure

the stability of the spectrograph. The analysis showed that spectrograph

had an overnight drift exceeding 0.8 pixels; 1 pixel drift over four days of

observations. The nightly drift was seen to be systematically modulated in

all observations. From the results of the stability analysis, the spectrograph

was enhanced to improve the inherent stability of the instrument. The key

improvements include the integration of an autoguider, reworking the wave-

length calibration unit and equalising the spectral response for better flat

fielding. With these upgrades in place, the spectrograph was realigned for

correcting the alignment errors. The spectrograph stability was improved ±

1 pixel (1000 ms−1) to ± 0.4 pixel (400 ms−1).

With the current settings of the spectrograph, to achieve a radial velocity

precision of 10 ms−1, the instrument stability has to be at 0.01-pixel level.

However, with the existing limitations at the spectrograph, design level up-

grades are necessary to achieve a few ms−1 precision range. For instance,

the grating position has ambiguity ≈ 25 arcsec, during the system restart for
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everyday observations. This results in a residual shift of 1.4 pixels across the

Echelle orders. In the current configuration, the grating uncertainty could

very well impede the achievable precision of the instrument. Apart from

this, the design of the spectrograph suffers from vignetting (56 ms−1) and

distortion effects (400 ms−1). The vignetting and distortion that could affect

the RV precision were not taken into account during the design phase in the

instrument as it was not designed as an RV spectrograph. The temperature

and pressure instabilities in the spectrograph room results in RV shift of 120

ms−1 and 400 ms−1, respectively. In real-time, due to the cumulative effect

of these factors, the overall achievable RV precision was compromised. Hence

it was essential to correct the day-to-day drifts in the optical components of

the spectrograph using Zemax model as proposed in Chapter 3.

Finally, the instrument upgrades and correcting for zero-point drifts in

the optical components do not necessarily guarantee the stability of the spec-

trograph during stellar observations. Instrument and environmental pertur-

bations become a significant limitation for the achievable precision. In con-

nection with this, an iodine absorption cell was integrated with the spectro-

graph. The cell was thermally stabilised. We developed a generic algorithm

to eliminate the instrument artefacts from the stellar spectrum. The algo-

rithm was verified with a well-studied exoplanet hosting star. The results

were in agreement with the reported studies in the literature.

With all the upgrades and integration of iodine cell along with correc-

tion of zero-point drifts using Zemax, the precision of the spectrograph was

brought down to a few 10 - 100 ms−1. The Echelle spectrograph operating

at VBT can be employed for precision follow-up studies along with the other

high-resolution spectroscopic observations. The aim of the thesis was not to

build a dedicated instrument for precision radial velocity measurements, but

to upgrade the spectrograph to achieve a moderate level precision between

10-100 ms−1 range, useful for RV follow up studies.

The algorithm discussed in Chapter 4 can be used to push the RV preci-

sion to a range of 10-100 ms−1 level. However, to improve the achievable RV
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precision further, the more rigorous forward modelling technique is necessary.

Some progress had been made in that direction, as discussed in Chapter 5.

The first version of the code uses the synthetic stellar spectrum along with

certain approximation. The code was successfully tested with numerical sim-

ulations and synthetic data. The difference from the existing model to the

one developed is that we had attempted to generate the algorithm on an

open-source platform, and soon we plan to release it for the astronomical

community. In this regard, the first version of the algorithm was established

and validated it with a known RV shift and evaluated the predicted values.

Also, the dependency of the spectrograph parameters for the achievable pre-

cision was estimated. The algorithm can detect the RV shifts to a level of

1 ms−1. Though the code is still in the nascent stage, it is undoubtedly a step

forward towards implementing the iodine cell technique on VBT Echelle.

6.2 Future Work

With the upgrades discussed in the thesis, the precision of the spectrograph

was improved from ± 1000 ms−1 to a few 10 - 100 ms−1 accuracy. These pre-

cision limits open up various science cases with the spectrograph. However,

to push the precision limits further, the following activities are planned for:

6.2.1 Zemax model to improve wavelength calibration

accuracy

Apart from estimating perturbations from the instrument, Zemax model can

be applied to improve the calibration accuracy. In the view of achieving

improved calibration accuracy, ThAr observations are to be taken before and

after the star of interest observations [Molaro et al. (2008)]. If there are

any drifts due to instrument perturbations, these shifts would be on a linear

scale (instrument drifts are estimated as a linear trend in a short period of

10-15 minutes). The instrument drift is assumed to be on a linear scale in
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comparison to the pixel/wavelength shift, which has non-linearity. Both the

ThAr exposures (taken before and after the star observations) were evaluated

for the perturbations in the optical positions. The Zemax model will be used

to estimate the wavelength solution of the target star observation between

the ThAr exposures. This would improve wavelength calibration accuracy

and can also be used to estimate the stability of the spectrograph using

the ThAr exposures before and after star observation. Also, if the Zemax

model is matched with the observations, the model takes into account the

non-linearity and the aberrations in the system to improve the calibration

accuracy.

This technique can also be applied for highly stable RV spectrographs

targeting for few cms−1 precision measurements. The accuracy of the wave-

length calibration can also be improved using the physical model-based ap-

proach [Chanumolu et al. (2017)]. However, the methodology we propose

does not require the physical modelling of the spectrographs but can employ

the commercially available Zemax platform for model matching. As the Ze-

max model can be used to estimate the instrument perturbations, the shifts

in the instruments can be restricted. This can also be applied in the case of

a frequency comb or any known calibration lines to improve the accuracy of

the model-based calibrations.

6.2.2 Modelling Instrument Profile of spectrograph us-

ing iodine cell

In Chapter 5, an effort was made to develop forward modelling technique

using iodine spectrum for precise RV measurements. In this process, the In-

strument Profile (IP) of the spectrograph was assumed as a single Gaussian.

However, in practical cases, the spectrograph IP has asymmetries. Thus, IP

modelling includes multiple Gaussians for including the asymmetries. The

effect of asymmetries on the RV precision was estimated as discussed in Chap-

ter 4. From the analysis of the resolution element shown in Figure 4.4 and
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4.5; if the asymmetry in the IP is not estimated, it will result in the RV

uncertainty. It was computed that the asymmetry in the IP would give a

mean RV shift of 52.734 ms−1. Errors in the RV estimation in the spectro-

graph might arise due to various factors like a) the observational constraints,

if the grating is moved in between the RV observations, the repeatability of

the position is not ensured. b) During long-term observations, even if the

RV analysis is done for the same grating angle; errors might be induced due

to lack of accuracy in positioning of the optical components in between the

observational time-gaps. In other words, the typical time allocation are not

done continuously for all the observations (especially in the case of science

programs relying on large observational times), there will be gaps in the

allocated times. In the meantime, if the grating is changed to a different

position for other observations, that might result in uncertainty in the zero-

point. The spectral line profiles may be affected by various factors like i) the

slit illumination function, ii) the stability of the spectrograph, iii) the shape,

size and the stability of the slit, iv) IP of the spectrograph among others

[Plavchan et al. (2015)]. Discrepancies in the model of the IP and that of

the observed spectra results in inaccuracies in RV measurements [Hatzes &

Cochran (1992)].

In this regard, modelling of the IP of Ultraviolet and Visual Echelle Spec-

trograph (UVES) of the UT2 Kueyen Telescope at the ESO Paranal Observa-

tory was attempted[Dekker et al. (2000)]. UVES is equipped with an iodine

absorption cell for precision radial velocity measurements. The iodine cell

installed at UVES was proven to achieve precision in RV measurements [But-

ler et al. (2004)]. A high-resolution template spectrum of iodine at UVES

available online was used 1. Along with this, the archival data of UVES

observations (of rapidly rotating B star with iodine cell in the path) were

obtained2. As discussed in Section 5.6 of Chapter 5, there was a discrepancy

with the FTS of the iodine cell present at VBT Echelle. In order to include

1https://www.eso.org/sci/facilities/paranal/instruments/uves/tools.html
2http://archive.eso.org/wdb/wdb/adp/phase3 spectral/form
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Figure 6.1: Top Panel: Convolution of the high-resolution FTS data of UVES iodine
absorption cell with the modelled Instrument Profile. IP of the spectrograph was con-
structed as a single Gaussian kernel. The width of the Gaussian was assumed as the free
parameter for the modelling. The convolution data was modelled for a wavelength range of
2 Å. The broadened FTS data using a single Gaussian kernel is shown in the dashed black
line. The convolved data was compared with rapidly rotating B star observations taken
with the iodine cell (represented in blue line). The B star observations were obtained from
the archival data of the UVES spectrograph. Bottom Panel: Residual of the data fit with
the B star observation in the wavelength chunk.

the asymmetries in the modelling of IP, the archival data was used as input

for the enhancement of the algorithm. The FTS data from other existing

cells were utilised for modelling IP with asymmetries. As discussed in Sec-

tion 5.2.2 of Chapter 5, satellite Gaussians were added to the main Gaussian.

A function was defined for IP modelling as a sum of Gaussian kernel distri-

bution. The function had multi-parameter inputs for the amplitude and the

width of satellite Gaussians along with the main Gaussian.

Estimation of the wavelength chunks and parameter optimisation of the

algorithm is to be analysed. The algorithm is to be validated on multiple

observations across the wavelength range. The approach was tested on a

wavelength range of 2 Å for modelling the IP. The results obtained with

single and multiple Gaussian kernels were compared. Figure 6.1 refers to the

IP generated using a single Gaussian kernel. Whereas, Figure 6.2 refers to

multiple Gaussian kernel estimation of IP.

The observed spectrum had the best match with the convolved FTS spec-
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Figure 6.2: Top Panel: Convolution of the high-resolution FTS data of UVES iodine ab-
sorption cell with the modelled Instrument Profile. IP of the spectrograph was constructed
using multiple Gaussian kernels. A central Gaussian was added with three satellite Gaus-
sians for the inclusion of asymmetries. The width of the central Gaussian along with the
width and amplitude of satellite Gaussians, were given as free parameters. The convolu-
tion data was modelled for a wavelength range of 2 Å. The broadened FTS data using
multiple Gaussian kernels are shown in the dashed black line. The convolved data was
compared with rapidly rotating B star observations taken with the iodine cell (represented
in blue line). The B star observations were obtained from the archival data of the UVES
spectrograph. Bottom Panel: Residual of the data fit with the B star observation in the
wavelength chunk.

trum for IP modelled as multiple Gaussian, as shown in Figure 6.2. The

deviation in the residuals was lesser for multiple Gaussian kernels (as shown

in Figure 6.2) in comparison to single Gaussian (as shown in Figure 6.1).

In the case of multi-Gaussian kernel estimation, a combination of one main

Gaussian and three satellite Gaussians were used. Figure 6.3 shows the com-

parison of both the Instrument profiles used in the analysis.

As shown in Figure 6.3, a notable structure in IP was found, which shows

a significant departure from a simple Gaussian shape. Imperfections in single

Gaussian fit to data were evident in Figure 6.1. The observed shape of the

IP depends on time-varying environmental perturbations and field-dependent

(static) aberrations in the optical design of the spectrographs. There are

various exercises required in estimating the IP of the spectrograph as listed

below:

� Optimal number of satellite Gaussians required.
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Figure 6.3: IP of the spectrograph modelled with a single Gaussian kernel is shown
in black colour in the plot. Single Gaussian kernel was used in modelling the IP for
broadening the FTS data in Figure 6.1. Whereas, the IP modelling that includes multiple
Gaussian kernels is shown in blue colour in the plot. The IP was utilised in matching
the FTS data with rapidly rotating B star observations, as shown in Figure 6.2. As the
modelling involved a combination of one central Gaussian along with the three satellite
Gaussians, the deviation from the single Gaussian structure can be noticed in the profile.
The asymmetries at the wings of the Gaussian can also be observed.

� The range of wavelength chunks for which the IP is assumed to be

invariant.

� The parameter selection for the generation of IP.

� Efficient minimisation function for generation of IP.

Apart from the above discussed free parameters, other parameters affect

the RV estimation such as linear and second-order dispersion coefficient, lin-

ear continuum slope, normalisation factor, spectral line depth [Endl et al.

(2000)]. The entire algorithm is to be developed and integrated into a pack-

age for making it available to the astronomical community.

6.3 Other upgrades at the spectrograph as-

sembly

From the analysis in Chapter 3, the grating repeatability impedes the achiev-

able precision in RV. The grating mount is to be upgraded with increased
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gear ratio and enhanced locking to eliminate the backlash. The existing

AC system of the spectrograph is also being updated with a new assembly

to improve the stability of the environmental parameters. With these imple-

mentations discussed, the spectrograph can be part of a network of two-metre

class telescopes for various follow up observations which would open up with

space telescopes like that of Transiting Exoplanet Survey Satellite (TESS)

[Ricker et al. (2014)].
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P. Bordé, D. Rouan, and A. Léger, “Exoplanet detection capability of the

COROT space mission”, Astron. Astrophys., 405:1137–1144, July 2003.

F. Bouchy, F. Pepe, and D. Queloz, “Fundamental photon noise limit to



112

radial velocity measurements”, Astron. Astrophys., 374:733–739, August

2001.

F. Bouchy, C. Moutou, D. Queloz, and the CoRoT Exoplanet Science Team,

“Radial velocity follow-up for confirmation and characterization of tran-

siting exoplanets”, arXiv e-prints, February 2009.

P. Bristow, F. Kerber, M. R. Rosa, J. F. Pirard, R. Siebenmorgen, and H.-U.
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rvfit Code: A Detailed Adaptive Simulated Annealing Code for Fitting Bi-

naries and Exoplanets Radial Velocities”, Publications of the Astronomical

Society of the Pacific, 127:567, June 2015.

M. J. Ireland, M. White, J. P. Bento, T. Farrell, K. Labrie, L. Luvaul, J. G.

Nielsen, and C. Simpson, “Data reduction software for the Gemini high

resolution optical spectrograph”, In Software and Cyberinfrastructure for

Astronomy V, volume 10707 of Society of Photo-Optical Instrumentation

Engineers (SPIE) Conference Series, page 1070735, July 2018.

P. Kabath, M. Skarka, S. Sabotta, and E. Guenther, “The role of small

telescopes as a ground-based support for exoplanetary space missions”,

arXiv e-prints, May 2019.

T. G. Kaye, S. Vanaverbeke, and J. Innis, “High-precision radial-velocity

measurement with a small telescope: Detection of the tau Boötis exo-

planet”, Journal of the British Astronomical Association, 116:78, April

2006.

M. Kürster, A. P. Hatzes, W. D. Cochran, C. E. Pulliam, K. Dennerl, and
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