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The Intergalactic Medium as a 
particle detector

DM detection experiments are limited to  
Cosmological probes can access ultra-light masses

m ≳ Lexp

The Intergalactic Medium is the largest detector 
Just quiet hydrogen waiting to interact



The Intergalactic Medium as a 
particle detector

A background light source is required to probe it

Bright distant quasars help us
Bright distant quasars help us measure the IGM’s 

physical properties



IGM: intergalactic
medium
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Figure 2
An overview of using absorption line experiments to probe gas in the Universe. (a) Light from a background object (in this case a quasar
on the right) follows a ray through the Universe toward an observer (left). As the ray passes through the halos of galaxies (the darkest
regions in the background image), absorption due to Hi and metals is imprinted on the spectrum; additionally, baryonic matter collected
into the "laments also absorbs some light, largely in the Hi Lyman-series transitions, giving rise to a forest of absorption. (b) A sample
high-resolution spectrum of a high-redshift (zem = 3.0932) quasar recorded at high resolution by UVES on the VLT (D’Odorico et al.
2016). This spectrum has an ultrahigh signal-to-noise ratio, SNR ≈ 120 to 500, with a spectral resolution R ≡ λ/"λ ≈ 45,000. Intrinsic
emission lines from the quasar are marked across the top. Many redshifted absorption lines are seen in these data. Those at wavelengths
longward of the quasar Lyα emission all arise from metals; those shortward of the Lyα emission are largely from Hi, though with some
interloping metal lines. The absorption line pro"les encode critical information about the physical state of the gas. The insets show
absorption pro"les from Hi (left) and representative metal lines (right) associated with the z ∼ 2.9 absorber producing the strong
spectral break seen near 3600 Å. Abbreviations: UVES, Ultraviolet and Visual Echelle Spectrograph; VLT, Very Large Telescope.

identi"able by their distinctive absorption break in quasar spectra (see Figure 2). These lower-
density absorbers are found in more extended regions around galaxies (Figure 1a,d) and are sub-
sequently observed with a higher frequency than the higher column density systems (Figure 1b).

At even lower column (surface) densities, the gas becomes optically thin to ionizing radia-
tion and traces low-density circumgalactic and intergalactic gas. The intergalactic medium (IGM)
manifests itself observationally as a forest of Hi absorption lines in the spectra of background
quasars, with 1012 ≤ N (Hi) ≤ 1.6 × 1017 cm2, the so-called Lyα forest. Its absorption is caused
not by individual, con"ned clouds but by a gradually varying density "eld characterized by over-
dense sheets and "laments and extensive, underdense voids that evolve with time (McQuinn 2016).

1.3. Basic Concepts of Absorption
As light from a distant source propagates to an observer, a fraction can be absorbed via electronic
resonance transitions in intervening atoms, ions, or molecules and subsequently re-emitted along
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The Lyman Forest

Peroux & Howk 2020

Sparsely dense hydrogen

Optical spectroscopy of z~3 QSO



Quasar absorption lines
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Quasar absorption lines

∝ N

∝ b

∝ z Wavelength 
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2kbT

m
+ bturb N = ∫ n dl

Lines are very sensitive to the IGM 
temperature

Some Dark Matter models have thermal 
effects on the cosmic web

Can use absorption lines for 
fundamental physics

(DP, PBH, axions, decaying or annihilating DM)
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IGM temperature
We can study the distribution of the 

doppler parameters to understand the 
temperature of the IGM

At redshift ~ 0.1

Simulations do not reproduce the 
observed distribution 

(AGN feedback does not solve the discrepancy)

Missing  per Baryon∼ 6.9 eV

Bolton et al. 2022

Non-canonical heating required
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Standard Model Extensions
See Fabbrichesi et al. 2020; Bolton et al. 2022 (b)

DARK SECTOR

Extra U(1) symmetry

A′￼μ

ℒγA′￼
= −
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DARK PHOTON
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Dark Photon Dark Matter A′￼

See Fabbrichesi et al. 2020; Bolton et al. 2022 (b)
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m2
γ (z, ⃗x) ∝ ne(z, ⃗x)

 gains an effective mass in ionised mediumγ

A′￼
γ

PA′￼→γ(mA′￼
, ϵ)

Dark Sector Standard ModelDARK SECTOR STANDARD MODEL

Where

oscillations    resonantly enhancedA′￼ ↔ γ

m2
γ (z, ⃗x) = m2

A′￼



A′￼
γ

PA′￼→γ(mA′￼
, ϵ)

Dark Sector Standard Model

Free-free absorption by the ionised IGM

DARK SECTOR STANDARD MODEL
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Modified 
Sherwood Simulations 

by J. Bolton 
(P-Gadget-3)
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Net energy injection  
       

in the IGM at a 
specific density

EA′￼→γ

See Fabbrichesi et al. 2020; Bolton et al. 2022
m2

γ (z, ⃗x) = m2
A′￼

Dark Photon Dark Matter A′￼

mA′￼
∼ 10−15 − 10−13 eV Low energy 

radio photons



Simulating  
in the IGM

A′￼

m2
A′￼

= m2
γ ∝ ne

when:

Modified Sherwood Simulations [P-Gadget-3] by J. Bolton
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Hydrodynamical Cosmological 
simulations of the IGM  

(Sherwood Suite) 

Modified to include  heatingA′￼

  

energy directly added to the gas 
particles

EA′￼→γ(m′￼A, ϵ, z)



What is the effect on the forest?
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m2
γ (z, ⃗x) = m2

A′￼

Δres ∼ 2.753 ( m−13

0.8 )
2

(1 + z)−3

Δres



Transformed  
Flux  
Probability  
Distribution FA = |Fr |A

See Rorai et al. 2017

Fr = F/F95th
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From an idea of Rorai et al. 2017 

— Regulate normalisation 

— Transform (non-linearly) the flux 

Enhance the differences close to the continuum 
Avoid continuum placement bias



Transformed  
Flux  
Probability  
Distribution FA = |Fr |A

From an idea of Rorai et al. 2017 

— Regulate normalisation 

— Transform (non-linearly) the flux 

Enhance the differences close to the continuum 
Avoid continuum placement bias

See Rorai et al. 2017

Fr = F/F95th
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Transformed  
Flux  
Probability  
Distribution 
See Rorai et al. 2017

PDF of regulated and transformed flux 

Sensible to slight differences in T 

Can discern between A’ models

15



Posterior analysis

Bayesian exploration of  
dark photon parameter space

Preferred dark photons with 

Weak mixing  

Small energy injection 

Not different from standard  ΛCDM
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Bounds
A’ is not required to explain  dataz ∼ 2.7

we can use the data to constrain A’ models

Ruled out at 95% C.L.

Model proposed to solve  tensionz ∼ 0

Still allowed!!

Likelihood ratio analysis
Profiling over mean flux
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But



This 
 Work

ϵ

Caputo et al, 2021
2410.02858

PhysRevD.111.08

Takeaway
Dark Photon Dark Matter modifies 

the temperature of the IGM

Lyα can be used as a thermometer

No trace of Dark Photon DM found at 
z ∼ 3

Proposed models are still allowed

Andrea Trost, SISSA 
atrost@sissa.it

thanks!


