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The Missing Baryons Problem

Planck Collaboration

De Graff+2019

At z < 2 about 20-30% of baryons are 
observationally unaccounted for,



 at M ∼ 1012M⊙ z = 1

Feedback Mechanisms (example from SIMBA)
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Fast Radio Bursts: a new probe of the IGM/CGM gas

Lorimer et al. (2007)
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Fast Radio Bursts: a new probe of the IGM/CGM gas

Lorimer et al. (2007)
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The Missing (Homeless) Baryons
The Macquart relation

J.P. Macquart  
1974-2020

⟨DMcosmic⟩ = ∫
zfrb

0

cfd(z)ρb(z)mp(1 − YHe/2)

H0(1 + z)2 Ωm(1 + z)3 + ΩΛ

dz

The Macquart relation solved the “missing” baryons problem, but due to the large scatter, 
their relative distribution between IGM and CGM remains unknown. Thus, making it hard to 
constrain the feedback mechanisms. 
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FRBs as tracers of the LSS

DMFRB = DMMW + DMIGM (figm) + DMhalos (fgas, rmax) + DMhost /(1 + zhost)

FRB host galaxy
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DMFRB = DMMW + DMIGM (figm) + DMhalos (fgas, rmax) + DMhost /(1 + zhost)
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FRBs as tracers of the LSS

DMFRB = DMMW + DMIGM (figm) + DMhalos (fgas, rmax) + DMhost /(1 + zhost)

foreground galactic halos FRB host galaxyintergalactic mediumMilky Way’ halo & ISM

DMcosmic

Cannot be probed separately  
via the Macquart relation 



FRBs as tracers of the LSS: foreground mapping

Step 1. Wide-field Observations
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FRBs as tracers of the LSS: foreground mapping

Distance
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Step 1. Wide-field Observations

Estimate of the contribution  
to the observed Dispersion Measure  
from the Intergalactic Medium



FRBs as tracers of the LSS: foreground mapping

Step 2. Narrow-field Observations
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FRBs as tracers of the LSS: foreground mapping

Step 2. Narrow-field Observations
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Each intersected halo contributes to the  
cumulative  contribution  

to the observed Dispersion Measure
DMhalos



Predictions from the mocks

Credit: Joerg Colberg/ Volker Springel

Build a sample of mock FRB sightline through the  
Millennium simulation box 

Step 1. Wide-field Observations

Lee, Ata, Khrykin et al. (2022)



Predictions from the mocks: density reconstruction

Lee, Ata, Khrykin et al. (2022)
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Realization of the real-space density field from ARGO reconstruction algorithm

ARGO density reconstruction algorithm (Ata et al. (2015,2017) input: 
 
galaxy selection functions (radial & angular) 
initial conditions (cosmology)

ARGO output: 

N realization of the matter density field in the specified volume 
given the spacial distribution of the galaxies along the LoS



Predictions from the mocks: density reconstruction
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Example of the estimated  along the single sightline in on of the ARGO density reconstructionsDMigm

Distribution of : the single sightline, 60 ARGO realizations DMigm



Predictions from the mocks: density reconstruction

Efficacy of the ARGO reconstructions

Macquart relation
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Step 2. Narrow-field Observations

to Earth

from FRB

foreground  
galaxy halo

rmax

s

Each galactic halo is described by the mNFW profile extending to  
 

The total mass of baryons in the halo is  

rmax

Mb
halo ≡ fgas ⋅

Ωb

Ωm
Mhalo

fgas

Mathews & Prochaska 2017

DMhalo ∝ ∫s

ne (Mhalo, rmax, fgas)
1 + z

ds
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Step 2. Narrow-field Observations
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Predictions from the mocks 

Step 2. Narrow-field Observations

to Earth

from FRB

foreground  
galaxy halo

rmax

s

Each galactic halo is described by the mNFW profile extending to  
 

The total mass of baryons in the halo is  

rmax

Mb
halo ≡ fgas ⋅

Ωb

Ωm
Mhalo

fgas

Khrykin, Sorini, Lee et al. (2024a)



Predictions from the mocks: Fisher Matrix forecast 

DMe.g.
model,i = figm ⋅ ⟨DMARGO

igm,i ⟩ + fgas ⋅ ⟨DMhalos,i (rmax)⟩ + ⟨DMhost⟩/(1 + z)

averaged over ARGO 
realizations 

averaged over 
realizations of halo masses



The FLIMFLAM survey

FRB Line-of-sight Ionization Measurement From Lightcone AAOmega Mapping  

and any archival data from SDSS 6dF 2MASS
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The FLIMFLAM survey: wide-field data

Huang, Simha, Khrykin et al. (2024a)



The FLIMFLAM survey: DR1

Huang, Simha, Khrykin et al. (2024a)
Khrykin et al. (2024a)

Sample of 8 FRBs:
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FLIMFLAM DR1: density reconstruction



FLIMFLAM DR1: density reconstruction
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FLIMFLAM DR1: foreground halos
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FLIMFLAM DR1: DM components
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FLIMFLAM DR1: DM components
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FLIMFLAM DR1: parameter inference

DMmodel,i = DMMW,i + figm ⋅ ⟨DMARGO
igm,i ⟩ + fgas ⋅ ⟨DMhalos,i (rmax ≡ 1.0)⟩ + DMhost,i

DMhost,i = DMhalo
host,i + ⟨DMunk

host⟩

averaged over ARGO 
realizations 

averaged over 
realizations of halo masses

log ℒjoint ∝
Nfrb

∑
i

(DMdata,i − DMmodel,i)2

σ2
i

σ2
i = σ2

argo,i + σ2
halos,i + σ2

MW + σ2
DMunk

host

The joint likelihood for an ensemble of FRB:



FLIMFLAM DR1: parameter inference (fiducial priors)
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−19 pc cm−3

⟨DMhost⟩ = ⟨DMhalo
host + DMunk

host⟩

Fraction of baryons  
in the IGM

figm = 0.59+0.11
−0.10

Fraction of CGM baryons  
in individual halos

fgas = 0.54+0.26
−0.29

Contribution from the  
FRB hosts’ halos 

and the unknown part  
from ISM and/or  
FRB progenitor:



FLIMFLAM DR1 results in perspective

Partition of cosmic baryons in SIMBA simulations with  
different feedback mechanisms (Khrykin+2024a)figm = 0.59+0.11

−0.10
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figm = 0.59+0.11
−0.10

Partition of cosmic baryons in SIMBA simulations with  
different feedback mechanisms (Khrykin+2024a)



Looking forward: FLIMFLAM DR2

Key features of DR2: 
 
* 3.5x the sample size: 27 FRB fields 
* Wide-field data: AAT 2dF, AAT Koala, NED-LDS, Subaru PFS 
* Narrow-field data: LRIS, DIEMOS, GMOS 
* IFU data: AAT Koala, VLT MUSE 
 
* More sophisticated model for the foreground/host galactic 
halos 
* New, (much) faster and more accurate density reconstruction  
algorithm (GPU accelerated) 
* Exploration of different IGM smoothing scales

Coming up in 2025 (hopefully)



•FLIMFLAM is a spectroscopic survey at 3.9m AAT (complemented by Keck and VLT), that 
aims to map out the foreground structures in 30 FRB sightlines and measure the 
distribution of cosmic baryons. 

•FLIMFLAM Data Release 1 is out! 

•DR1 analysis constrains:  and . These results mildly consistent 
with no feedback hydrodynamical models, but the uncertainty is still too big. DR2 should be 
able to shed more light on this matter! 

•We also for the first time constrained the unknown contribution to the observed DM from 
the host ISM/FRB progenitor itself. Out analysis yielded  and the total 

host contribution . 

•FLIMFLAM DR2 will refine and probe different CGM models, allowing to constrain also the 
baryonic fractions in the galactic halos.  

•Future facilities (4m-class like DESI, WEAVE, as well as 8m-class Subaru PSF 
and MOONS) will allow to push foreground mapping to higher redshifts, distinguishing 
between  in galaxies, groups and clusters. Potentially also measuring the HeII reionization  

figm = 0.59+0.11
−0.10 fgas = 0.54+0.26

−0.29

⟨DMunk
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