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1. Introduction

The universe started off as a dense and hot fireball 13.8 billion years ago as it exploded with the Big
Bang. As the universe expanded, it rapidly cooled down. In the process, hydrogen and helium began to
form from the subatomic building blocks. The elements after the first few minutes of the Big Bang were
75% hydrogen, 25% helium, and trace amounts of lithium. No other heavier elements were made because
the universe was not hot enough to fuse even heavier elements. However, at the present time, the heavier
elements make up 2% of the universe [1]. As a result, the first stars that formed in the universe contained
only hydrogen and helium and no heavier elements. They provided the first light in the universe, which
had been dark until then. Also, those first stars were metal-free—without all elements that are heavier
than hydrogen and helium [2].

They were very massive, around 100 times the mass of the Sun, since metal-free gas poorly cools and
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clumps to form smaller stars. A massive star has a short life-time. That led to the first stars having lifetimes
of only a few million years. Then they exploded as the first supernovae. During their lifetimes, elements
heavier than hydrogen and helium were fused in their cores to produce energy. Elements up to iron were
made, which were all spilled into the surrounding gas upon explosion. Additional elements, up to zinc, were
also created during the explosion [3].

The pristine gas left over from the Big Bang was then polluted with these new elements from the
supernova explosions. From that chemically enriched gas, the next generation of stars formed [4]. Since the
gas had a different chemical composition, it was possible to form stars with all masses, which was different
than before. Stars with masses similar to the Sun or even less could form for the first time, as could all
the masses in between. Lower masses imply that stellar lifetimes are progressively longer. Stars with less
mass than the Sun have a lifetime of more than 10 billion years. Stars born as part of the second
generation of stars in the universe can thus still be alive if they have masses less than the mass of the Sun

and around 0.6 to 0.8 solar masses. Many of these stars are now found on the g d “red giant branch”

chemical composition of the birth gas cloud from which
on the red giant branch, those stars have not started
surfaces through mixing processes. As a result, th
with telescopes and spectroscopy to reconstruct
allows astronomers to reconstruct the i ution of the universe with the help of stars with

different metallicities. Using the oldeg poor stars, they help us learn how stars and even

universe [5].
These metal-poor stars al ier elements. But it remains unclear if heavy elements were formed

The oldest, most¥etal-poor stars have unique properties, such as appearing bluer than metal-rich stars

because metals absort®shorter wavelengths of light, so metal-poor stars emit more blue than red light
because they in fact absorb less blue light than more normal, more metal-rich stars. That also makes them
look hotter and more luminous than metal-rich stars [7].

Over the last three decades, huge spectroscopic surveys and many observations have resulted in the
discovery of many metal-poor stars, and their spectra have been analyzed in detail. The star SMSS
J0313-6708 [8], with an iron abundance (a proxy for the overall metallicity) of [Fe/H] < -7, is one of the
most pristine and oldest stars known. Astrophysicist Anna Frebel made this and many other important
discoveries about ancient stars in the Milky Way’s halo and in dwarf galaxies. All these stars date back to the
earliest phase of the universe, when only little of the heavier elements had been produced. Many of her
discoveries are actually relatively brighter and closer stars, all still in the Milky Way and left over from that
early time.

Despite the discoveries made, metal-poor stars remain rare and extremely hard to find. In addition, some
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metal-poor stars in dwarf galaxies are very faint and need to be observed for around 10 hours [9]. But
individual exposures with the telescope can only last for about an hour to avoid increased background noise
caused by energetic cosmic rays hitting the detector. This means that nothing fainter can be observed with
current telescopes.

The goal of this project is to analyze one of such metal-poor stars, named HE 2315-4240, originally
discovered in the Hamburg/ESO survey, to help study element production and their astrophysical sites in the

early universe.

2. Observations and Measurements

In order to analyze and understand a star, observations have to be made through a telescope. The
spectrum of a star recorded from telescope observation can serve to understand the star’s chemical
composition from the strengths of absorption lines as well as its geocentric velocity from the line positions,
which tell how fast it is moving away from Earth.
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Fig. 1. Portions of the Magellan spectrum of HE 2315-4240 in comparison with other iron-poor stars near
the Haline (first panel), HBline (second panel), around the Mg b lines around 5180 A (third panel), around
the lead line around 4057.5 A (forth panel), the G-band near 4313 A (fifth panel), around the europium line
around 3132 A (sixth panel), around the thorium line around 4019 A (seventh panel), and around the

barium line around 4554 A (eighth panel).
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The spectrum of the star is also the basis for deriving stellar parameters and then the detailed chemical
abundances. In Fig. 1, we show several representative portions of the spectrum of HE 2315-4240 compared

with several other metal-poor stars.

2.1. Telescope Observations

Prof. Frebel observed HE 2315-4240 (at a right ascension of R.A. = 23:17:59.86399, and a declination of
Dec. = -42:24:30.7096) with the Magellan-Clay telescope at the Las Campanas Observatory in Chile by

using a 07 slit. This yields a high resolution of R = 30,000 to 35,000 across the wavelength range of 3500 A to
9500 AA. All data was taken on June 23, 2014.
Data reductions were carried out with Prof. Frebel’s calculation programs. The resulting signal-to-noise

(S/N) per pixel of the final processed and normalized spectrum is 114 at ~4500 A, 139 at ~4800 A, 109
at ~5200 A, 145 at ~6000 A, and 166 at ~6500 A. This is an extremely high-quality spectrum. Radial

velocity measurements yield +63.1 km s-1.

Table 1. Observation Details

Star [24 S qug Vmag Kerror Herror
HE 2315-4240 349.499433 -42.40853 13.7 12.57 0.025 0.024
Observing date E(B-V) Jimag Hyag Kinag Parallax Parallax,,,.
2014-06-23 0.013 11.035 10.605 10.54 0.35 0.0165
S/N S/N S/N S/N S/N P.M. DEC AV
4000°A 4500°A 4800°A 5200°A 6000°A mas
39 114.2 138.8 109.4 144.7 -13.314 0.0343

Additional observation information is detailed in Ta 1 as ctllected from “SIMBAD,” an astronomical

database that provides basic data and measuremenagfor as al objects.

2.2. Radial Velocity Measurements

t that moves along the line of sight of an observer. To
son spectrum that is in the rest frame, i.e., a spectrum
spectrum will show absorption lines at wavelengths different
difference between the wavelengths corresponds to the radial
trum. The cross-correlation method is used to derive the relative

point from the Earth t&§ghe Sun, this problem is alleviated. The final heliocentric velocity of the star can then
be found by taking the geocentric radial velocity and adding the heliocentric correction to it. The correction
can be determined by knowing the UT date and time of the observation, the right ascension, the declination of
the star, and the coordinates of the observatory on Earth. The heliocentric correction of HE 2315-4240 is
+21.2 km s-1, and the final heliocentric velocity of HE 2315-4240 is +63.1 km s-1. The correction is
determined using Prof. Frebel’s calculation programs. Since the final heliocentric velocity is positive, the star

is moving away from the Earth.

2.3. Equivalent Width Measurements

Equivalent width is the strength of the absorption lines present in the star spectrum. Mathematically, it
represents the area under the curve that the absorption line makes up. Each line arises from electron
transitions within the various atoms present in the star’s atmosphere. Some atoms have very new
absorption lines across the spectrum (e.g., Si, Al, Zn, Sr), and others have many (Fe, Ca, Ti). All of the
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equivalent widths of HE2315-4240 are listed in Table 2. Under “Species,” values numerically depict the
atomic number and ionization state. For example, 22.0 refers to neutral Ti (Ti I), and 22.1 refers to singly
ionized Ti (Ti II). A refers to the wavelength of the absorption line; y refers to the excitation potential of the
line; log gf refers to the oscillator strength (occurance probability) of the line; EW refers to equivalent width;
and log €(X) refers to the raw number density abundance of element X as determined with the model
atmosphere analysis.

Table 2. Equivalent Widths Measurements

. A X log gf EW log €(X)
Species [A] [eV] [dex] [dex]
11.0 5889.950 0.000 0.110 3595
11.0 5895.920 0.000 -0.190 3.635
12.0 4057.510 4350 ~0.900 5.165
12.0 4167.270 4350 -0.740 5.241
12.0 4702.990 4330 -0.440 5.136
12.0 5172.680 2.710 -0.360 5.176
12.0 5183.600 2.720 ~0.170 5.197
13.0 3944.000 0.000 -0.640 3336
13.0 3961.520 0.010 -0.330 2.543
14.0 3905.520 5.045
14.0 4102.940 4977
200 4283.010 3.747
200 4318.650 3.722
200 4425.440 3851
200 4454.780 3.883
200 4455.890 31.95 3.771
200 5588.760 4059 3.766
200 5601.290 9.74 3.790
200 5857.450 19.77 3.877
200 6102.720 27.13 3.801
200 6122.220 48.90 3.782
200 6162.170 62.44 3.846
200 6439.070 4731 3.829
211 4246.820 88.26 -0.046
21.1 4324.980 63.54 0.224
21.1 4374.450 4932 -0.115
21.1 48.82 -0.034
21.1 4577 0.017
21.1 14.80 0.071
21.1 24.23 0.141
220 49.17 2.093
220 51.88 2.046
220 36.04 2.053
220 28.55 2.062
220 38.69 2018
220 37.49 2112
220 4999.500 2837 2.032
221 4028.340 37.67 2.078
221 4337.910 76.43 2116
221 4394.060 3791 2.098
221 4395.030 94.54 2239
221 4395.840 28.35 2.067
221 4399.770 60.18 2.067
221 4417.710 70.61 2258
221 4418.330 25.63 2.057
221 4443.800 89.65 2226
221 4450.480 59.59 2175
221 4464.450 39.63 2.096
221 4533.960 89.23 2.195
221 4571.970 83.48 2206
221 5188.690 59.63 2.200
24.0 4274.800 88.41 2.450
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24.0
24.0
25.0
25.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0

4289.720
5206.040
4030.750
4034.480
4005.240
4045.810
4063.590
4071.740
4132.060
4134.680
4143.870
4147.670
4154.500
4174.910
4175.640
4181.760
4187.040
4187.800
4191.430
4199.100
4202.030
4216.180
4227.430
4233.600
4238.810
4250.120
4250.790
4260.470
4271.150
4271.760
4282.400
4325.760
4352.730
4375.930
4404.750
4415.120
4427.310
4442.340
4447.720

4918.990
4920.500
4994.130
5049.820
5051.630
5171.600
5191.450
5192.340
5194.940
5216.270
5232.940
5266.560
5324.180
5341.020
5371.490
5397.130
5405.770

25

86.00 2.518
65.23 2.459
97.54 2416
85.38 2.337
98.96 4.588
168.89 4.767
137.44 4.712
129.01 4711
4.780
4.487
4.649
4.545
4.482
4.618
4.534
4.548
4.476
4.674
4.574
4.385
4.598
4.631
4.548
4.566
4.562
4.589
4.602
4.695
4.749
4.631
4.533
4.692
4.624
4.565
4.693
4.783
4.716
4.592
4.584
4.617
4.685
4.510
4.600
4.659
4.494
4.595
4.599
4.597
4.526
4.535
4.732
4.499
4.634
4.635
4.503
4.521
4.498
4.572
4.422
4.641
4.546
4.618
4.761
4.763
4.716
4.652
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26.0 5429.700 0.960 -1.880 105.37 4.781

26.0 5434.520 1.010 -2.130 93.57 4.788
26.0 5497.520 1.010 -2.820 54.33 4.501
26.0 5506.780 0.990 -2.790 63.64 4.652
26.0 6494.980 2.400 -1.240 64.49 4.762
26.1 4173.450 2.580 -2.380 54.17 4.682
26.1 4178.860 2.580 -2.510 41.83 4.489
26.1 4233.160 2.580 -2.020 69.34 4.728
26.1 4508.280 2.860 -2.420 38.94 4,625
26.1 4555.890 2.830 -2.400 39.80 4.588
26.1 4583.830 2.810 -1.940 60.83 4,615
27.0 3842.050 0.920 -0.740 39.72 2.076
27.0 3845.470 0.920 0.060 67.63 2.087
27.0 3995.310 0.920 -0.180 57.42 1.957
27.0 4121.320 0.920 -0.330 57.96 2.091
28.0 3807.140 0.420 -1.230 89.17 3.435
28.0 4714.420 3.380 0.250 24.85 3.422
28.0 5476.900 1.830 3.345
30.0 4810.540 4.080 1.766
38.1 4077.710 0.000 -0.177
56.1 4554.030 0.000 -0.083
56.1 4934.080 0.000 0.209
56.1 5853.680 0.600 -1.009
56.1 6141.710 0.700 -0.779
56.1 6496.900 0.600 -0.618
63.1 4129.720 0.000 -1.883
63.1 4205.040 0.000 -1.836
63.1 4435.580 0.210 -1.047

The equivalent width of each line is calculated using)\Spectrogtopy Made Harder software that allows

Gaussian fits to the absorption lines in a se om hion. The user then has to check the

. The goal is to convert equivalent width line

strength measurements into chemical ab !II
O

o vhere the observed light from the star originates.

model atmosph pproximates the physics of the stellar atmosphere. The equivalent widths
to calculate the abundance log €(X) of elements. The final [X/H] and [X/Fe] values
for each element are Calculated using fundamental equations that use solar abundances: [X/H] = log
€(X)star—loge(X)sun and [X/Fe] = log €(X)star-loge(X)sun—[Fe/H] [10].

Stellar parameters (effective temperature, surface gravity, microturbulence, and metallicity) also need to

and their data are

be derived as they determine the physics occurring in the stellar atmosphere where the absorption
processes are taking place. All of these parameters are physical properties of the star that help further
understand it.

3.1. Stellar Parameter and Abundance Determination

Stellar parameters fully describe the physical properties of a star’s outer atmosphere. They form the basis
for carrying out a chemical abundance analysis. These include the effective temperature, which is the
temperature of a black body with the same luminosity per surface area as the star; surface gravity, which is
the log of the gravitational acceleration at the surface of the star; microturbulence, which is the velocity that
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caused the broadening of the absorption lines; and metallicity, which is typically taken as the iron abundance
and handled as a proxy for the total metal content of the star.

3.2. Effective Temperature

The effective temperature, Tesr, is determined by using /, K, and VV magnitudes, [Fe/H], AV, E(B-V), and
their uncertainties. Then the calculation is carried out using Prof. Frebel’s calculation programs for
dereddened colors and color-Tes-relations that have been established, and an effective temperature of 5181 K
is derived. This makes HE 2315-4240 a warm giant near the bottom of the Red Giant Branch in the
Hertzsprung-Russell-Diagram. Typical uncertainties are around 100 K. For comparison, the Sun’s effective
temperature is 5777 K.

3.3. Surface Gravity

3.4. Microturbulence

The microturbulence is obtained from established re
spectroscopic measurements. The relationship is Vi
relationship, vmic=1.61 + 0.3 km s-1. A higher microturbulace leadso a higher metallicity of the star.

3.5. Metallicity [Fe/H]

The metallicity, [Fe/H], is calculated fro e /H] €(Fe) of my star -log ¢(Fe) of the Sun which are the
» SunilJsing 67 Fe I lines, the metallicity of HE 2315-4240 is

-2.89 £0.09. Since the metallicity of YL between -2 and -3, it is classified as a very metal-poor

star, although it is nearly an extre oor star.

Measuring chemical s can be used to determine the abundance pattern of the star and how
metal-poor it is. Mosigi can be used to determine the abundance trends compared with other
information abot nacare of the first stars, first enrichment events, and early star formation
environments.

To determine the abundances, a so-called stellar model atmosphere is used to calculate the absorption
processes occurring on the outer layers of the star. This allows for deriving abundances from the observed
spectrum, which shows various absorption lines as a result of the presence of different elements in the stellar
surface layers.

The chemical abundance signature is then determined from 19 elements by using the custom Spectroscopy
Made Harder software from Prof. Frebel. The final abundance ratios [X/Fe], [X/H], their uncertainties, and the
number of element lines used are all listed in Table 3. Chemical abundances of carbon, aluminum, silicon,
scandium, manganese, cobalt, strontium, barium, and europium are derived from spectrum synthesis for
blended features of absorption lines.

27 Volume 14, Number 1, 2024



Table 3. Chemical Abundances of HE 2315-4240

Element log €(X) [X/H] [X/Fe] stdev N
CH (Syn.) 5.26 -3.17 -0.28 0.01 2
Na I 3.62 -2.62 0.26 0.02 2
Mg I 5.18 -2.42 0.47 0.04 5
AlI (Syn.) 345 -3.00 -0.11 0.20 2
Si I (Syn) 5.02 -2.49 0.40 0.05 2
Cal 381 -2.53 0.35 0.05 12

Sc I (Syn.) 0.16 -2.99 -0.10 0.02 7
Til 2.06 -2.89 0.00 0.03 7

Ti Il 2.15 -2.80 0.09 0.07 14
Crl 248 -3.16 -0.28 0.03 3
Mn I (Syn.) 2.40 -3.03 -0.14 0.04 4
Fel 461 -2.89 0.00 0.09 67
Fell 4.62 -2.88 0.01 0.07 6

Co I (Syn.) 2.09 -2.90 -0.01 0.03 5
Ni I 340 -2.82 0.07 0.04 3

Zn 1 1.77 -2.79 0.09 014 1

Sr 11 (Syn.) 0.09 -2.78 0.11 2
Ba II (Syn.) -0.74 -2.92 -0.03 5
Eu II (Syn.) -2.32 -2.84 0.04 4

Lithium was not detected because its surface abundance is gone fi

branch. The CH abundance is determined from spectrum syn

another feature at 4323 A. Both vanadium, copper, and chro

from the measurement.
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Fig. 2. Abundance ratio ([X/Fe]) over metallicity ([Fe/H]) for various elements of HE 2315-4240 (blue star
symbol) along with other metal-poor stars. HE 2315-4240 show similarities in its abundances compared

with many other metal-poor stars from JINAbase (shown in red). Element ratios are labeled in each panel.
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3.6.1. Lighter element abundance trends

Fig. 2 shows all elemental abundance ratios in comparison with those of other metal-poor stars from the
literature. Noteworthy features are as follows: The a-element abundance (Mg, Si, Ca, Ti) of HE 2315-4240 is
enhanced, as is expected for stars formed from early gas clouds that have been enriched by massive core-
collapse supernovae. Iron-peak elements also agree very well with the abundance trends set by the other
metal-poor stars. This further confirms that at least one supernova contributed these elements to the gas
cloud from which HE 2315-4240 formed.

3.6.2. Heavy element abundance trends
Fig. 3 shows Sr and Ba abundance ratios in comparison with those of other metal-poor stars from the
literature. We show both [Sr/H] and [Sr/Fe] as well as the [Sr/Ba] ratio for a more detailed analysis.

Sr/Fe]

[Sr/H]

[Sr/Ba]

-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 3 -2 -1

o
[Fe/H] [Ba/Fe]

1 2

Fig. 3. Abundance ratio ([X/Fe]) over metallicity ([Fe/H]) for heavy elements Sr and Ba of HE 2315-4240
(blue star symbol) along with other metal-poor stars from JINAbase (shown in red).

For Sr, HE 2315-4240 displays similar abundances compared with many other metal-poor stars from
JINAbase. But for Ba, HE 2315-4240 shows an enhanced relative to the bulk of stars. This is not a unique
feature; the number of stars with enhanced Ba values is much smaller than the main branch. Interestingly,
the overall Ba abundance is very low, despite this relative enhancement compared to other stars. As a result,
the [Sr/Ba] ratio is low—it is close to the region where dwarf galaxy stars typically reside and is below the
main branch of halo stars. This suggests that HE 2315-4240 was possibly accreted and formed in an
environment that is similar to that of the surviving dwarf galaxies [11].
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3.7. Abundance Uncertainties

The random uncertainties of element abundance X are derived by using the standard deviation of log €(X).
Using a sample of 67 Fe I lines, it is easier to more accurately map the abundance distribution about the
mean compared to elements with only a few lines. By checking for measurement errors and inaccuracies and
correcting for them, the scatter is reduced, leading to a standard deviation of only o = 0.09.

When only one or two lines are available for an element, the standard deviation is typically less well
defined. In those cases, the Fe standard deviation is used as a guide and adopted for the elements. Both
aluminum and zinc originally did not allow for a standard deviation calculation. We then adopted standard
deviations of 0.2 and 0.1 dex, respectively. This reflected the S/N ratio, which is higher for zinc than
aluminum.

Systematic uncertainties come from analysis and physics choices that are related to the model
atmosphere, data quality, and abundance calculations. They are more complex and are not further
considered here.

4. Nucleosynthetic Interpretation of Stellar Abundances

By assembling the abundance pattern of HE 2315-4240 by plo versus atomic number X, we
ances have not changed
since the star was born, presumably these are the abundanc

step is to learn which objects and processes enriched that oud in

HE 2315-4240

DB .5 M., 5.0 B, (no mixing) (x? = 121.41)

0 —e—

15 20
Element charge number

ios [X/H] of HE 2315-4240 (black-filled circles) as a function of atomic number.
the best-matched Population III nucleosynthesis model. The model’s mass and

Fig. 4. Abundance
Overplotted in green
energy are shown in the upper right.

We matched the abundance pattern with predictions from theoretical models of the chemical yields of a
Population III first star by using an online tool named Starfit, as shown in Fig. 4. The graph shows in green
the yields of the elements that were produced and ejected during the previous Population III supernova
explosion. Overall, the fit is moderate. The best-fit Population IIl star model has M = 29.5 Mo, E = 5 x 1051
erg, and y2= 121.41.

However, due to the low amount of [C/Fe] = -0.28 in HE 2315-4240, the first few elements are not well-fit
because the Starfit models used are all so-called fallback explosion models, which are carbon-rich by design,
and HE 2315-4240 is carbon-poor. This implies that the results may not be trusted as much, which is
also reflected in the mismatch of many elements in the model. Nevertheless, it indicated a massive progenitor
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first star. Regarding further clues about the origin of HE 2315-4240 and in which environment it formed
billions of years ago, we also consider the a-element abundances. The amount of [Mg/Fe] and [Si/Fe] in
HE 2315-4240 is enhanced compared to the Sun. This indicated a Type II supernova explosion that enriched
the birth gas cloud, such as a massive Population III star. Those short-lived massive stars can blow new
elements that came from stellar nucleosynthesis into the surrounding gas cloud that later gave rise to the
observed low-mass star. The fact that the star is almost extremely metal-poor can mean that the explosion
indeed came from one Population III star.

However, the observed low [C/Fe] ratio in the star likely meant that it is not a result of fallback supernovae
and has low explosion energy, which likely meant that the Pop III star’s mass is lower, perhaps around 10
solar masses.

Regarding neutron-capture element abundances, HE 2315-4240 has low values overall. Nevertheless, its
[Ba/Fe] abundance is higher than most metal-poor stars at that [Fe/H] abundance. As a result, there is a low

value for [Sr/Ba] = [Sr/Fe] - [Ba/Fe] = 0.14, suggesting a connection to early dwar; environments. This

is supported by the low carbon abundance, as the vast majority of dwarf@ (4hs are not carbon-
enhanced.

The question is which nucleosynthesis process produced thes

~=0.1 rather suggests the operation of a limited r-progfss that can occur during core-collapse supernova

explosions above the proto-neutron star and producgia limitel) amount of heavy elements. However,
whether this occurred in a Population III star orggnothe

cloud of HE 2315-4240 remains unclear.

contributed elements to the birth gas

5. Kinematic Analysis

pos

Gaia is a satellite in space that me ns of billions of stars in the Milky Way Galaxy. There is

s of the micro-arcsec Gaia astrometry: information about 3D

y submitting the star’s coordinates or its name. One of the goals
nce of the star to Earth, which can be derived by finding the parallax

processing methods, th§final distance to HE 2315-4240 obtained is 2.86 *0.14 kpc.

We derived HE 2315-4240’s galactic coordinates ((1,b) in deg) to be (348.09127352, -65.61395908). Its
galactic coordinates (X, Y, Z) in kpc are (1.16262417, -0.24518828, -2.62106309). Galactocentric
coordinates (x, y, z) in kpc for a right-handed system are (-7.02201605, -0.24518552, -2.60321035). The
velocities in the Cartesian Galactic coordinate frame are then (U, V, W) in km/s (23.78, -197.4, -44.23). U
is the outward radial motion within the galaxy. V is the motion in the direction of the rotation about the
galactic center. W is the motion out of the galactic plane.

This implies that HE 2315-4240 is currently moving radially away from the galactic center and out of the
galactic disk to the south. Furthermore, it has a retrograde orbit, i.e., its motion is not aligned with the bulk
motion of stars moving about the galactic center.

5.1. Orbital Motions
We used a program called "The ORIENT” [12] from Dr. Mohammad Mardini to calculate the orbital
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history of the star for the last 8 billion years. The program approximates how the Milky Way has grown
over time and how its mass has been distributed. This determines how an individual star moves within the
galaxy under the influence of the gravity of the galaxy’s mass [13].

The results clearly show that my star is located in the halo of the Milky Way. The maximum height above
the galactic plane, Z, is around 3 kpc, which suggests inner halo membership. As can be seen in Fig. 5, the
orbit is not confined to the disk but extensive and very elliptical.

This kinematics analysis suggests that the star formed not in the Milky Way’s disk but was instead accreted
at some point in the past. Accordingly, HE 2315-4240 likely formed in a small dwarf galaxy early on in
the universe that was later absorbed by the growing Milky Way. The progenitor system was perhaps
accreted before many other systems. This would place the star in the inner halo today.
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Interestingly, the orf§its of HE 2315-4240 never reach a solar radius of 8 kpc. We are observing it at a
distance of ~2 kpc towards the galactic center, where it appears to be on its maximum orbital radius at

present.

6. Summary

In this work, we analyzed the metal-poor star, HE 2315-4240, to deepen our understanding of the
properties of the ancient star and to understand the chemical evolution of the early universe. Using the
stellar spectrum obtained from the Las Campanas Observatory through the Magellan-Clay telescope on June
23,2014, we used Prof. Frebel's calculation programs to cross-correlate the spectrum with another spectrum
shifted to rest to find the radial velocity of the HE 2315-4240, which is +41.9 km s-1. The heliocentric
velocity of the star is then obtained by adding the heliocentric correction, derived from the time and
coordinates of the star and the observatory, to the radial velocity, to a value of +61.3 km s-1. The spectrum
shifted to rest is then analyzed by using the software, “Spectroscopy Made Harder”, to obtain the chemical
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abundance of HE 2315-4240 and equivalent widths.

The metallicity, [Fe/H], derived is -2.89 * 0.09 dex, which makes HE 2315-4240 a very metal-poor star.
This abundance is then used to determine the other stellar parameters HE 2315-4240. The effective
temperature we obtained from the calculation program that produces photmetric stellar parameters is
5181 + 100 K, making the star a warm giant. Using established relationships with isochrone, parallax, and
effective temperature, the log of the surface gravity (log g) obtained is 2.24 + 0.04 dex. The microturbulence
obtained from established relations of vpic vs. log g is 1.61 + 0.3 km s-1.

All abundances, except aluminum and zinc, which have adopted a standard deviation that reflects the S/N
ratio, have an uncertainty of less than 0.1 dex. The abundances of 19 elements are derived. The a-elements
and iron-peak elements of HE 2315-4240 agree well with the abundance trend of other metal-poor stars,
which confirms that at least one supernova contributed these elements to the gas cloud that formed HE
2315-4240. For Sr, the star shows similar abundance trends but shows an enhanced value for Ba, which led

early dwarf galaxy environments. The value of [Ba/Eu]~-0.1 sugges@the operation of a limited r-process,

but it is unclear where it occurred.

Using an adapted version of the parallax formula, we ¢ytained tie final distance to HE 2315-4240, which
is 2.86 = 0.14 kpc. The velocities in the Cartesi alac nate frame are (23.78, -197.4, -44.23),
which implies that HE 2315-4240 is currently m ially away from the galactic center and out of the
galactic disk to the south and has a retrogr

that HE 2315-4240 is located in the ,@ :
S onfined to the disk but is extensive and very elliptical.

suggests inner halo membership.
formed outside the Milky Way’s disk, likely in a small dwarf

ing a program called “The ORIENT”, the results show

Way. The maximum height above the galactic plane
The kinematics analysis sugges

galaxy, and was later absorb
other systems, placing th ipgthe inn€t halo as we know it today.
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