Fast Radio Bursts as Probes of
Cosmology and Fundamental Physics
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Plasma slows EM waves, with lower frequencies slowed more.

Total delay proportional to electron column density.

First FRB discovered in Lorimer et al. with electron column
density much higher than expected from Milky Way.

Column density (reported in dispersion measure or DM units) is 375 1. Delay
was exquisitely measured.



Plasma Delays in FRBs

Plasma law: w2=wp2+c2k? with @p? = nee?/eome
ve=dw/dk=c(|-wp/w?)!’2. If we are much higher than plasma frequency, v=c(l-wp2/2w?).

Velocity change proportional to electron density. Total delay is 6t/t~6v/v, 6t~t dv/v ~d/c év/v ~dbv/c?, but dbv
is now distance times density or column density.

Pulsar astronomers express column density as DM (dispersion measure) = le-/cm3 for | pc = 3.08e18 e//cm2.

If frequency in MHz, then delay becomes 6t=4150*DM/v2 where 4150 depends only on fundamental
constants.

Typical FRB DMs ~1000, and observing frequency ~|1 GHz, so delays ~few seconds.

For burst length ~I ms, measure column density to part in (few seconds)/l ms ~ |04 Enables precision
science.



What do we Know!?
(and does it matter we don't
know what they are!?)

® FRBs give us exquisite LOS (z-weighted) column density.
® FRBs give us exquisite timing.
e FRBs extremely close to A2 cold plasma delay law (vp~kHz in galaxy).

® FRBs measure Faraday rotation to ~few or better.

® Have a few localizations/redshifts, many more coming soon.

NB - Thomson optical depth also a column density, DM~500,0007



LOCATING THE “"MISSING” BARYONS WITH EXTRAGALACTIC DISPERSION MEASURE ESTIMATES
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® With many FRBs with locations and redshifts, stack on l.o.s. haloes.

® Observed DM should deviate from mean level based on column density from
intervening halo. i.e.get a “bump” in DM from halo contribution.

® McQuinn key finding: ~100 FRBs at z~0.5 with arcminute positions enough
constrain missing baryons.

(optical depth through galaxy clusters ~0.001-0.01,
so expected extra DM is hundreds to ~5000)



Column Density

We measure dispersion measure, quoted in e- with units pc/cms.

This is true at low-z. At high-z, observed frequency up by (1+z), so plasma delay
smaller by (1+z)2.

However, delay gets cosmological increase of |1+z, so DM gives [ne/(1+z)dx.
If ionization fraction constant, ne(z)=neo( | +z)3, dx=cdt=c(dt/dz)dz.



Low-z Relation

— DM(2)
Linear fit

® DM(z) is shockingly linear

® Slope is close to 1000.
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Photon Rest Mass

Say photons had a rest mass

E=hv=ymc2.

Let e=1-v/c. Gives £=0.5(mc2/hv)2. Note - delay looks like plasma delay.

Assign all delay to m,. At v=1 GHz, dM for z=1 ~|000, dt~4s, t~5 Gyr, so €~2e-17.

mc2=hv(2*2e-17)05=2e-14 eV/c2. (=5e-50 kg)

Competitive with best lab limits!



Redshift Evolution

Clearly insane to ascribe all delay to photon mass. DM/Z for Massive Photon

—— DM(photon)
DM(z)

Frequency behavior the same as dispersion, but
evolution not.

Integral identical, except no number density.
Equivalent DM(z) for massive photons is blue curve
to right.

We can improve photon mass limits with large
sample, but not by orders of magnitude (especially - - 10 15 20

: . : 12 Redshift
since mass limit goes like DM!/2))




Factor of |10 Improvement in Current Data
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Revised constraints on the photon mass from well-localized fast ® NB - galactic magnetic field

radio bursts limits much lower, but
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ABSTRACT

We constrain the photon mass from well-localized fast radio bursts (FRBs) using Bayes
inference method. The probability distributions of dispersion measures (DM) of host
galaxy and intergalactic medium are properly taken into account. The photon mass
is tightly constrained from 17 well-localized FRBs in the redshift range 0 < z < 0.66.
Assuming that there is no redshift evolution of host DM, the 1o and 20 upper limits
of photon mass are constrained to be m. < 4.8 x 10~°! kg and m., < 7.1X 10~5! kg,
respectively. Monte Carlo simulations show that, even enlarging the FRB sample to
200 and extending the redshift range to 0 < z < 3 couldn’t significantly improve the
constraining ability on photon mass. This is because of the large uncertainty on the
DM of intergalactic medium.

Key words: fast radio bursts — intergalactic medium — radio continuum: transients



Equivalence Principle

GR says everything free falls at the same rate - allows (weak) equivalence
between gravity and acceleration.

Equivalence principle fundamental to our understanding of space & time.

Say FRB goes off in potential well. If Shapiro delay depends on frequency,
arrival vs. freq would change.
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ABSTRACT

Fast Radio Bursts (FRBs) are short astrophysical transients of extragalactic origin. Their burst
signal is dispersed by the free electrons in the large-scale-structure (LSS), leading to delayed
arrival times at different frequencies. Another potential source of time delay is the well known
Shapiro delay, which measures the space-space and time-time metric perturbations along the
line-of-sight. If photons of different frequencies follow different trajectories, i.e. if the uni-
versality of free fall guaranteed by the weak equivalence principle (WEP) is violated, they
would experience an additional relative delay. This quantity, however, is not an observable on
the background level as it is not gauge independent, which has led to confusion in previous
papers. Instead, an imprint can be seen in the correlation between the time delays of different
pulses. In this paper, we derive robust and consistent constraints from twelve localised FRBs
on the violation of the WEP in the energy range between 4.6 and 6 meV. In contrast to a num-
ber of previous studies, we consider our signal to be not in the model, but in the covariance
matrix of the likelihood. To do so, we calculate the covariance of the time delays induced by
the free electrons in the LSS, the WEP breaking terms, the Milky Way and host galaxy. By
marginalising over both host galaxy contribution and the contribution from the free electrons,
we find that the parametrised post-Newtonian parameter y characterising the WEP violation
must be constant in this energy range to 1 in 10'® at 68 % confidence. These are the tightest
constraints to-date on Ay in this low energy range.

® FRBs constrain weak equivalence
to 10-13 at low energy, best
constraints in this region.



High-z

DM(z) to High-z

— DM(2)
® Keeping ionization fraction constant, can 2030( (1+x)70.6-1)

go to high-z.

® Pretty good fit is DM~2000 ( (1+z)%¢-1).
(alternatively, |000-30z2 also does OK to
iad [0)

® NB - coefficient assumes Planck params,
full H ionization, no He ionization, no
stars.
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Detecting Helium Reionization with Fast Radio Bursts
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Helium reionization changes background electron density.
DM(z) law would reflect addition of e- fro He.

Distant FRBs would be able to probe He reionization,
which in turn tells us objects in young universe.
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ABSTRACT

Fast Radio Bursts (FRBs) are extra-galactic radio transients which exhibit a distance-dependent
dispersion of their signal, and thus can be used as cosmological probes. In this article we, for the first
time, apply a model-independent approach to measure reionization from synthetic FRB data assuming
these signals are detected beyond redshift 5. This method allows us to constrain the full shape of the
reionization history as well as the CMB optical depth 7 while avoiding the problems of commonly used
model-based techniques. 100 localized FRBs, originating from redshifts 5 — 15, could constrain (at
68% confidence level) the CMB optical depth to within 11%, and the midpoint of reionization to 4%,
surpassing current state-of-the-art CMB bounds and quasar limits. Owing to the higher numbers of
expected FRBs at lower redshifts, the 7 constraints are asymmetric (+14%, —7%) providing a much
stronger lower limit. Finally, we show that the independent constraints on reionization from FRBs
will improve limits on other cosmological parameters such as the amplitude of the power spectrum of
primordial fluctuations.

® |f we can get to DM~8000, we can directly probe reionization as well.

e Would be independent of CMB measurements, help break 7-As degeneracy.

e With enough (~hundred) FRBs, can measure history as well as 7.



Can We do Precision Cosmology!?

® DM(z) contains cosmological information, via dt/dz.
® |t also contains information about ne(z), hence f*(z).

® We tried (work let by Tony Walters) to constrain cosmology with
future FRB data. We discovered we’'d constrain f(z). Still useful! But

not dark energy evolution...

Probing Diffuse Gas with Fast Radio Bursts

Anthony Walters'2, Yin-Zhe Ma!?, Jonathan Sievers®', and Amanda Weltman



Strongly lensed repeating fast radio bursts
as precision probes of the universe

Zheng-Xiang Li, He Gao = Xu-Heng Ding, Guo-Jian Wang & Bing Zhang

Lensing of Fast Radio Bursts as a Probe of Compact Dark Matter

Julian B. Muiioz,! Ely D. Kovetz,! Liang Dai,? and Marc Kamionkowski®

® Build a (set of ) telescopes that observe along a large range in RA at fixed dec?
® Time delays will be exquisitely measured (usual microlensing caveats will apply)

® Unclear, but entirely possible there exist several strongly lensed FRBs per day
available to us.



FRBs & Clusters
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PROBING WHIM AROUND GALAXY CLUSTERS WITH FAST RADIO BURSTS AND THE
SUNYAEV-ZEL’DOVICH EFFECT

YUTAKA FuUJITA

Theoretical Astrophysics, Department of Earth and Space Science, Graduate School of Science, Osaka University, 1-1
Machikaneyama-cho, Toyonaka, Osaka 560-0043, Japan

7 through rich galaxy cluster ~0.01, so DM~5000

There will be population of bright, local FRBs at very high DM that will probe cluster structure to
percent level.

SZ gives you [n.Tdl, FRB gives [ne, so get temperature of outer cluster gas - hard to do other ways!

Proposed in Fujita et al. back in 2016
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Deep Synoptic Array science: Two fast radio burst sources in massive galaxy clusters
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Two FRBs found inside clusters, significant ABSTRACT
excess DM (~600/~3OO from CIUSte rs at Z~o, I ) The hot gas that constitutes the intracluster medium (ICM) has been studied at X-ray and

millimeter /sub-millimeter wavelengths (Sunyaev-Zeld’ovich effect) for decades. Fast radio bursts
(FRBs) offer an additional method of directly measuring the ICM and gas surrounding clusters, via
observables such as dispersion measure (DM) and Faraday rotation measure (RM). We report the
discovery of two FRB sources detected with the Deep Synoptic Array (DSA-110) whose host galaxies
belong to massive galaxy clusters. In both cases, the FRBs exhibit excess extragalactic DM, some of

It’s bette r fo r F RBS to be beh i n d CI u Ste rs SO which likely originates in the ICM of their respective clusters. FRB 20220914A resides in the galaxy

cluster Abell 2310 at z = 0.1125 with a projected offset from the cluster center of 520+50kpc. The

LOS Position With i n Cl uster not an u ncertai nty host of a second source, FRB 20220509G, is an elliptical galaxy at z = 0.0894 that belongs to the
* galaxy cluster Abell 2311 at projected offset of 870+50 kpc. These sources represent the first time an

FRB has been localized to a galaxy cluster. We combine our FRB data with archival X-ray, SZ, and

optical observations of these clusters in order to infer properties of the ICM, including a measurement

of gas temperaturc from DM and ysz of 0.8-3.9keV. We then compare our results to massive cluster

halos from the IllustrisTNG simulation. Finally, we describe how large samples of localized FRBs from

AS C H I M E O Utrigge rS tu rn O n ’ eXPeCt many future surveys will constrain the ICM, particularly beyond the virial radius of clusters.
more.




Cosmology with kSZ: breaking the optical depth degeneracy with Fast Radio Bursts

Mathew S. Madhavacheril,! Nicholas Battaglia,?'® Kendrick M. Smith,* and Jonathan L. Sievers®:°

® kSZ is major goal of upcoming CMB experiments.
® kSZ sensitive to growth of structure, hence e.g. neutrino mass.

® kSZ measures velocity (good! cosmology lives here!) times electron
density (bad! full of uncertainties!)

® FRBs directly measure electron column density, with uncertainty from
FRB host contribution.



Cosmology with kSZ: breaking the optical depth degeneracy with Fast Radio Bursts ( I 90 I 024 I 8)

Mathew S. Madhavacheril,’ Nicholas Battaglia,”*® Kendrick M. Smith,* and Jonathan L. Sievers™®
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i+ The ermes-power-spectrom of galaxies and electrons as measiiad cither throngh kSZ tamography with CMB-S4 and
DES! ‘blue) with fixed cosmology, or through cross-correlation of dispersion measures of 10* FRBs with DESI gaax'es (red),
wherz the RME scatter of DMas is assumed to be 300 L’";'; . FRB DM3 measure she power over a broad range of acalzs inchuding
the 2-halo rogime (dot-dashed). while kSZ tomozraphy provides an extremely right measurcment in the l-halo dominated
regime (dashed).

With 104 FRBs with localizations, can

improve on galaxy-electron xcorr on large
scales over S4+DESI (above)

Improves on cosmology over $4+RSD for
~10¢ FRBs (right).
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FIG. 4: The uncertainty on the combination of cosmic growth
rate and amplitude of matter fluctuations fos from kSZ to-
mography with CMB-S4 and DESI as a function of the num-
ber of FRBs, Nrrs, available to break the ‘cluster opti-
cal depth degeneracy’ through cross-correlation of FRB DMs
with the same DESI galaxy sample. The blue lines show the
constraint from kSZ tomography with various shades corre-
sponding to choices of the uncertain RMS scatter of FRB
DMs op. If RSD information is used in conjunction with kSZ
(red dashed lines), the degeneracy is already broken to some
degree but further improvement is possible with FRBs. The
grey dot-dashed line shows the constraint from DESI RSD
alone.




Conclusions

FRBs give precise redshift-weighted LOS column density and timing info. WIth position/redshift
info, can probe many things. High-DM bursts especially valuable.

Can constrain fundamental physics like photon rest mass and weak equivalence principle.

Can constrain distribution of “missing” baryons, break vz kSZ degeneracy.

With high DM, can probably measure reionization independently of other methods w/ little
foreground uncertainty.

Likely many strongly lensed FRBs. With baseband caches, microlensing down to ns delays
avaliable.

And | haven’t even measure RM (magnetic fields), or deviations from A2 (large density
fluctuations, see e.g. Masui et al. 2015).



What Might we do with FRBs!?

(aside from figuring out what they are)

. - e . . . — DM
FRBs give us exquisite arrival time information across possibly wide Linear Fir
frequency bands.

FRBs give us exquisite (1/(1+z)-weighted) electron column density
measurements.

DMobs=DMmw+DMigM*TDMhost. Handy rule, z~DMigm/ 1 000fion.

Contribution from host uncertain, but distances are likely
cosmological (FRBs noticed because DM too high to come from

Milky Way).

Could serve as probes where this information is useful.

Careful examination of FRB signals can sometimes unlock other
information...



PROBING WHIM AROUND GALAXY CLUSTERS WITH FAST RADIO BURSTS
AND THE SUNYAEV-ZEL’DOVICH EFFECT

YUTAKA FUJITAI, TAKUYA AKAHORIZ, KEIICHI UMETSU3, CrAIG L. SARAZIN4, AND KA-WAH WonG™°®

® Optical depth through rich cluster is 0.0]l. Means DM is 5000(!)

® FRB that goes off behind cluster tells you T, possibly to 5% or better.
® TSZ measurement then tells you mass-weighted temperature

® Very clean measurement, does not rely on X-rays

® Does require many, many FRBs



