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Abstract
A large portion of the universe’s baryonic content is thought to reside within the
Warm-Hot Intergalactic Medium (WHIM), a diffuse plasma with temperatures on the order of
5

7

10 − 10 K that exists in galactic haloes as well as in large intergalactic filaments (Fukugita
and Peebles 2006). While this diffuseness renders the WHIM difficult to directly observe, it is
possible to detect WHIM-associated absorption line systems in the spectra of background
sources, such as quasars. Surveys in the far-ultraviolet (FUV) have been greatly successful in
5

detecting these systems for cooler phases of the WHIM, around 10 K. However, this still leaves
the warmer ~ 40% of the WHIM, which requires X-ray observation to detect. Technological
constraints render X-ray spectroscopy difficult compared to UV, and to date there have been only
seven WHIM candidates discovered in X-ray wavelengths (Bonamente 2019). In this project,
one such candidate has been spectroscopically analysed to determine its potential characteristics.
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Introduction
The Missing Baryon Problem and WHIM
One of the most intractable problems in cosmology is the so-called “missing baryon
problem”. Using knowledge of the relative abundances of elements in the universe, researchers
were able to provide a rough estimate of the universe’s total baryonic content. Measurements of
high-redshift regions of the universe gave results in good agreement with this estimate (Nicastro
et al. 2005). However, surveys of the low-redshift universe came up far short, only returning
about 10% of the estimated total (Fukugita et al. 1998). While later observations of Lyman-alpha
absorbers were able to increase this fraction to around 40%, a large baryon deficit remained. The
search for these missing baryons quickly moved to the space between galaxies, with special
focus given to the Warm Hot Intergalactic Medium. The Warm Hot Intergalactic Medium, or
WHIM, is a hot, diffuse plasma that forms filaments between galaxies. The WHIM’s diffuse
nature renders it extremely difficult to directly observe. In addition, the high temperature of the
5
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WHIM, on the order of 10 − 10 𝐾, means that any spectral measurements need to be in the far
ultraviolet or X-ray bands (Bergman 2007)
Detecting the WHIM
Over the past two decades, two main methods of detecting the WHIM have been
developed. The first, involving the dispersion measurements of fast radio bursts, has recently
been able to detect a large portion of the WHIM (Macquart et al. 2020). The second, the focus of
this paper, is based in X-ray spectroscopy. By looking along the line of sight to distant quasars,
one can potentially isolate X-ray absorption features consistent with the WHIM. The main
benefit this method has over the fast radio burst method is its sensitivity to temperature. The
dispersion measures essentially “catch” every medium the radio waves travel through, rendering

6

it hard to separate the WHIM from cooler gas. In contrast, spectroscopy allows for constraints to
be placed on the temperature of the interstellar medium based on the presence of certain ions, as
can be seen in Figure 1.

Figure 1: Ionization fractions for several high-temperature metal species (Bonamente 2019)
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Methodology
PG 1116+215
The main focus of this paper is an analysis of the Chandra X-ray spectra of the quasar
PG 1116+215, at redshift 𝑧 = 0. 177. Chandra observed PG 1116+215 for a total of 88 ks, using
the observatory’s HRC spectrometer. OVI had previously been detected along the sightline to
this quasar, indicating the potential presence of the highly ionized species OVII and OVIII.
Focus was placed on locating these two species via their 𝐾α lines which, along with other
relevant atomic data, can be found in Table 1. Highly ionized metal lines such as these are
believed to be characteristic of the WHIM at high temperatures. A previous survey of this
candidate had estimated it to be at a redshift of roughly 𝑧 = 0. 0927, allowing for the
determination of the redshifted wavelengths of the two lines via the relation
λ𝑧 = 𝑧λ0 + λ0
with λ𝑧being the redshifted wavelength, 𝑧 the redshift, and λ0 the wavelength for 𝑧 = 0
(Bonamente et al. 2016).
Ion

Wavelength (Å)

Wavelength at
𝑧 = 0. 0927(Å)

Oscillator Strength

OVII

21.602

23.605

0.696

OVIII

18.969

20.727

0.416

Table 1: Relevant atomic data for OVII and OVIII (Bonamente 2016)
Spectral Analysis
Spectral analysis was performed using XSPEC version 12.11.1. PG 1116+215’s spectrum
was modeled as a power law, with the spectral lines modeled with a Gaussian, parameterized
with total line flux, redshift, and wavelength. A power law model was selected because it relies
on relatively few parameters and for its ease of use. The redshifted and rest-frame wavelengths
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of both lines were modeled over a 1 Å range, and each model parameter was reported to within
2.7 confidence intervals . Initially, the redshift was fixed at 𝑧 = 0. 0927, but for the significant
OVIII feature found, the redshift was allowed to be free in order for small adjustments to be
made to 𝑧. Once the best-fit parameters for each model had been found, the equivalent widths of
the lines could be determined via the relationship
𝑊λ𝐹λ = 𝐾
−4

where 𝑊λis the equivalent line width in Å, 𝐹λ = 4 ± 0. 4 * 10

−2 −1 −1

𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑐𝑚 𝑠 Å is the
−2 −1

flux of PG 1116+215 per unit wavelength, and 𝐾 is the total line flux in 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑐𝑚 𝑠 . Once
𝑊λwas known, the column density of the absorber could be found via
20 𝑊λ

𝑁 = 1. 13 * 10

2

λ𝑓

𝑐𝑚

−2

𝑁being the column density, λthe rest-frame wavelength, and 𝑓the ion’s oscillator strength
(Bonamente et al. 2016).
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Results
Galactic Absorption Features
Looking at Figures 2 and 4, two minor oxygen absorption features are apparent. Given
their low redshift, these features almost certainly correspond to the Milky Way’s interstellar
medium. Notably, these two features seem to have roughly identical column densities, indicating
equal proportions of OVII and OVIII along this sightline. Going to Figure 1, one can see two
6

6.4

temperatures where OVII and OVIII have equal ion fractions: 10 K and 10 K. Given the low
value of the column densities, this portion of the interstellar medium likely lies near the cooler
temperature.
The OVIII Absorber
The most striking result was the significant OVIII absorption feature found at
𝑧 = 0. 0905. Looking at Figure 5, one can easily see the large drop in the spectrum caused by
the absorber. In addition, Table 4 shows that the column density for this feature is larger than the
galactic absorbers by a factor of roughly 2. Given the relative lack of OVII within this region, as
seen in Table 4, one can make a rough estimate of the temperature of this absorber. Given that
1

the ratio of OVIII’s and OVII’s column densities is of order ∼ 10 , Figure 1 tells us that the
6.8

absorber should be at a temperature of roughly 10

𝐾, on the higher end of the expected

temperature range of the WHIM. As such, the OVIII absorber seems to have high potential to be
a WHIM filament.
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Conclusion
Surveying the sightline towards PG 1116+215, a significant OVIII absorption feature
indicates the potential presence of a WHIM filament at 𝑧 = 0. 0905. This feature appears to
have a column density significantly higher than that of the galactic interstellar medium at similar
temperatures. While not conclusively proving the existence of this WHIM filament, this project
helps to showcase the potential benefits of this “backlight” method. With refinements to this
technique, quasar backlights may help to put the missing baryon problem to rest once and for all.
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Data

Figure 2: OVII model for 𝑧 = 0. Note the absorption feature at 21. 6 Å.

12

Figure 3: OVII model for 𝑧 = 0. 0927. Note the lack of an absorption feature at the
redshifted wavelength of 23. 6 Å.
Redshift (z)

PhoIndex

Norm (PO)

Line Flux

0

2

[4. 72 * 10 , [− 2. 39 * 10 , − 3. 94 * 10

−3

−5

−6

C-Statistic

Chi-Squared

87. 63

102. 78

74. 06

95. 41

−3

5. 67 * 10 ]
0. 0927

2

−3

−6

−5

[4. 70 * 10 , [− 9. 14 * 10 , 1. 54 * 10 ]
−3

5. 68 * 10 ]
Table 2: Model data for OVII. Error bars cover 2.7 confidence intervals.

13

Figure 4: OVIII model with 𝑧 = 0. Note the absorption feature at 18. 9 Å.
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Figure 5: OVIII model with 𝑧 = 0. 0905. Note the large absorption feature at 20. 7 Å.

Redshift (z)

PhoIndex

Norm (PO)

Line Flux

0

2

[4. 44 * 10 , [− 1. 45 * 10 , 3. 34 * 10 ]

−3

−5

−7

C-Statistic

Chi-Squared

72. 66

79. 24

93. 58

115. 97

−3

5. 17 * 10 ]
[0. 0899, 0. 0911]

2

−3

−5

[4. 70 * 10 , [− 3. 82 * 10 , − 1. 47 * 10

−5

−3

5. 56 * 10 ]
Table 3: Model data for OVIII. Error bars cover 2.7 confidence intervals.
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Ion

Redshift

𝑊λ(Å)

OVII

0

3. 675 * 10

OVII

0.0927

5. 725 * 10

OVIII

0

1. 888 * 10

OVIII

0.0905

6. 350 * 10

−2

𝑁(𝑐𝑚 )
−2

−2

−2

−2

16

1. 21 * 10

15

2. 72 * 10

16

1. 34 * 10

16

4. 99 * 10

Table 4: Equivalent widths and column densities for each line.
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