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▪  Dispersion (electron column density): baryon 
distribution in circum- and inter-galactic medium) 
▪  Scattering: condensed structures, compact 
objects in halos.  
▪  Faraday rotation: magnetic fields in the 
circum- and inter-galactic medium

Accurately localized fast radio bursts (FRBs) are the most 
effective way to address fundamental questions in the field: 

what are the progenitors of FRBs,  and what is the 
nature of the medium through which they propagate?

DSA-10 (2016-2019)



And there’s more… 

NANOGrav: pulsar timing to detect 
gravitational waves from binary 
SUPERmassive black holes.

Millimeter observations at OVRO 
for time-domain astronomy 
(transients, jet-launching 
physics, strong lensing as a 
dark matter probe), and EHT. 

Neutron star formation 
and evolution, radio 
pulsars as laboratories.

Supermassive black 
hole formation and 

growth, binary 
supermassive black 

holes, tidal disruption 
events.

Also, novel radio/
OIR instrumentation 
and observational 
techniques



Thesis projects with the Deep Synoptic Array
• Using FRBs to reveal hitherto unseen matter in the Universe (e.g., 

https://arxiv.org/abs/1903.06535), with a particular focus on scattering. 


• Expanding our knowledge of the radio sky on sub-second timescales 
using our novel observational facilities (DSA, DSN, VLA/realfast etc)

https://arxiv.org/abs/1903.06535


Other thesis projects
1. I’m always happy to hear ideas! 

2. AGN at mm wavelengths: circular polarization, lensing, accretion flows in 

LLAGN. 

• Involvement in OVRO mm work (SPRITE) and EHT/ngEHT. 


3. The search for binary supermassive black holes: novel VLBI analyses, multi-
wavelength time-domain work.

• Involvement in NANOGrav collaboration.


4. Astrophysical tests of dark matter models: from ultralight scalar particles, to 
QCD axions, to WIMP decay products, to primordial black holes, to simply 
tracing the halo mass function to the low end as a test of WIMP dark matter. 


5. Novel studies of the diffuse Universe: full inventories of galaxy halos (from 
dust to relativistic particles), HI and synchrotron plasma in the cosmic web.


6. DSA-2000 instrumentation and techniques, with a focus on novel algorithms 
(e.g., super-resolution for weak lensing, cadenced pulsar surveys) 



• Undergrad at the Australian National University 
and Berkeley 2006-09.


• Worked in group of Prof. Charles Townes 
2010-11.


• PhD at the University of Melbourne / CSIRO ATNF 
2011-14.


• Worked with Prof. Matthew Bailes on Molonglo 
telescope 2014-15.


• Departmental fellowship at Caltech 2015-18.

• Clay fellowship at Harvard CfA 2018-19. 
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Small-scale problems in 
(Lambda)-CDM cosmology

1. The abundance of <1011 Msun (total mass) galaxies, in 
particular around >Lstar systems, is too low. 


2. The rotation curves of dwarf galaxies indicate under-
dense cores, both in normalization and in the density 
profile relative to CDM simulations.


3. Satellite galaxies appear to be distributed in disks, 
rather than isotropically.


4. Despite the diversity of galaxy rotation curves, tight 
relations exist between baryonic mass and rotation (e.g., 
Tully-Fisher).

e.g., Bullock & Boylan-Kolchin (2017)

Muller et al. (2018) 
Cen A satellites



Mass (eV/c2)

Self-interacting dark matter

Specifies self-interaction cross section to solve 

small-scale problems. 

Recent simulations alleviate potential problems 

with interacting clusters.

Little particle physics basis.

Ultralight scalar dark matter 
Forms BECs on few-kpc scales (the de Broglie 
wavelength), solving the missing-galaxies and 

core-cusp problems.

Runs afoul of the Ly-alpha forest.

Kobayashi et al. (2017)

QCD axions, axion-
like particles 

Solution to CP-symmetry in 
QCD. Firm prediction of 

interaction cross-section.

 Can be warm. 


Tightly bounded parameter 
space, by over-production, 
SN1987A, stellar cooling.

Light (scalar) bosons

Solves Lee-Weinberg 2GeV 
bound by postulating scalar 

bosons. Motivated by 
INTEGRAL 511 keV GC excess.

WIMPs 
Weakly-interacting thermal relics - frozen 
out in early Universe with correct density, 

given weak-interaction cross section.

The leading CDM model, with associated 

problems.

Bauer et al. (2013)

WIMPZillas

Massive WIMPs produced non-

thermally (e.g., due to 
gravitational collapse at the end 

of inflation). 

Origin of UHECRs?

Primordial black holes 
Potentially produced in inflationary 

era. Solve small-scale problems 
through dynamics. 


Constrained through microlensing 
surveys, dwarf-galaxy cores, and 

wide Galactic binaries.

Brandt (2016)
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The incomplete baryon budget at z=0

Shull+12 observational census
Cen & Ostriker 06 

prediction of still hotter gas



IGM evolution

Evolution of the neutral fraction Evolution of the IGM temperature

McQuinn16
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Tumlinson, 
Peeples, 
Werk 2017

Galaxy 
~1011 Msun

CGM

~1011 Msun

~104 - 107 K 

multiphase gas



A. Current observational constraints on diffuse matter in the (low-z) 
Universe are beset by a host of difficulties.


• Model-independent astrophysical constraints on the nature of 
dark matter rely on probing small mass scales.


• Observations of the CGM and IGM contents rely on tracers of 
cool gas (e.g., Ly a), or highly ionized metal species (e.g., OVI) 
that are also insensitive to >106K material.


B. Theoretical uncertainties point to true observational problems.


• Of course, the nature of dark matter.


• The distribution of hot gas between virialized halos, groups/
clusters, and the structured IGM.


• The co-existence of cool and hot gas within halos, and the 
heterogeneous distribution of metal absorbers. 



Time (ms)

Fr
eq

ue
nc

y 
(M

Hz
)

A bright fast radio burst (FRB 180309)

Oslowski+19
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A bright fast radio burst (FRB 180309)

Oslowski+19

DM = dispersion measure. 
Line of sight electron-column density 

        z ~ 0.2            critical baryon density

(1 Gpc) × (3 × 10−7 cm−3) = 300 pc cm−3

τ = 0.42 ( DM
100 pc cm−3 ) ( ν

1 GHz )
−2

s



FRB energies



FRBs and their possible progenitors

FRB010724
(the Lorimer burst)

Perytons

Four FRBs

FRB121102
localizationFRB121102

repeats

Perytons explained



• The radio energy release and burst durations. 


• The escape of the radiation from the progenitor environment.


• Disparate polarization and spectral characteristics. 


• The larger rate than the birth rate of candidate progenitors. 

An FRB theory needs to explain…

Eiso ∼ 1038 − 1043 erg, ctFRB ≲ 3 − 3000 km .

Eiso

V
≳ 1012 − 1026 erg cm−3 → Beq ≳ 5 × 106 − 5 × 1013 G .

Typical FRB distances, flux densities, and durations imply

Then, within the emission region,

Ravi & Loeb 19 
Vedantham & Ravi 19 

Lu & Phinney 20

Ravi19, see also 
Kulkarni+14

e.g., Luan & 
Goldreich 14

Plasma-frequency absorption, Razin suppression, induced 
scattering, free-free absorption, anomalous dispersion, Faraday 
rotation, preservation of polarization, refraction…

Ravi19

Some sources are observed to repeat, many are not.
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Owens Valley  
Radio Observatory

40m: AGN 
monitoring, 
calibration

6x 10.4m: CO intensity 
mapping, EHT, SPRITE 
cm/mm “photometer”

(absolute 34 
GHz flux scale)

11-element EOVSA  
(solar interferometer)

Deep Synoptic Array 
(FRB localization)

OVRO LWA (all-
sky imaging @ 

30-80 MHz)
STARE2: the 
closest FRBs
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DSA-10 (2016-2019)



FRB 190523

Dynamic 
spectrum of 
burst, with 
dispersion 

delay removed

Ravi+19

Temporal 
profile of burst

Patchy spectrum 
characteristic of 

many FRBs

One-sided 
exponential profile 
likely caused by 

multi-path 
propagation



FRB 190523
0.

5 
de

g

0.5 deg

131.072 micro-sec 
per frame, slowed 

down by a factor of 
10,000.  

5’’ pixels.

Ravi+19



FRB 190523
• Likely (>90% confidence) host galaxy at z=0.66. 
• 1.2 x 1011 solar masses, with a star-formation rate under 1.3 

solar masses per year (Prospector spectro-photometric 
modeling, tentative [OII] 3727A emission line).  

• Contrast with 108 solar-mass, 0.2 solar masses per year star 
formation of repeating FRB 121102 host. 

Ravi+19



S1: z = 0.66

S2: z = 0.36

S3: z = 0.36

S4: z = 1.96, 

QSO

S4 @ z=0.36 S4 @ z=0.66

Ravi+21, in prep.



Comparing the FRB DM to the inferred HI column 
through each halo: no massive reservoirs of hot (>105 K) 

gas along these sightlines.

Ravi+21, in prep.



Bassa+17, 
Ravi+19, 

Marcote+20, 
Macquart+20 

z=0.66

z=0.19

z=0.034

Repeaters



Macquart+20

Expectation from structured CGM/IGM



Cross-match 474 one-off CHIME FRBs with 
GWGC galaxies within 40 Mpc

Connor & Ravi 21



Connor & Ravi 21
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Gas temperature

Dispersion: gas column density

Scattering, scintillation: small-scale 
structure.

Faraday rotation: magnetic fields. 

• Measure the baryon contents of the circum-galactic medium 
(CGM), the intra-cluster medium (ICM), and the intergalactic 
medium (IGM). 

• Identify propagation effects (plasma, and potentially 
gravitational) beyond Galactic disks. 

• Reveal and characterize extreme plasma environments.

Large (~>100) FRB samples will enable us 

Astro2020 white 
paper: Ravi+19

arXiv:1903.06535
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“Screen” of 
electron-density 

fluctuations

Plane wavefronts Distorted wavefronts

Time

Power

Frequency

Power

Multi-path propagation of FRBs



FRB scattering timescales v DM 
DM ~ 1200z cm-3 pc. Only a homogeneous Parkes sample is included.

Galactic pulsars

FRB measurements 

FRB limits

Ravi19
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Searching for primordial black holes - FRB lensing 

Lensing probabilities for simulated 
FRB populations without cosmic 
evolution (red lower) and with SFH-
correlated evolution (blue upper). 

Munoz et al. (2016)

0.3 ms

1 ms 3 ms

Constraints placed on the fraction 
of dark matter (fDM) in primordial 

black holes if no FRBs out of 104 
events are lensed.



A 110-element array to localize >100 FRBs/year to <3 arcsec.  
<60s community alerts, public data archive. 

NSF MSIP ($5.3M - Hallinan, Ravi).

The 110-element Deep Synoptic Array

Detection in 
coherent sum

Localization 
using voltage 

dumps



Transit of 2.3 Jy source through beams

Single pulses 
from B0329+54

Search strategy (64-element deployment)
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DSA-110 antennas
Spin-formed 4.65-m aluminium reflectors (DH Satellite, Wisconsin).


OVRO-designed EL-only (0 - 143 deg) mount/drive

Net pointing error of 0.14 deg (differential GPS + optical astro alignment).


Unit cost (including labor) of $7k.


David 
Woody



David Woody, Tommy Klinefelter, Corey Posner



DSA-110 1.28-1.53 GHz receivers

Aperture efficiency 
(modeled, zenith)

Custom choke ring and 
6’-waveguide “cakepan” 

feeds (dual linear pol)

Note semi-transparent 

feed legs

Weinreb & Shi 2020 room-
temp LNAs: <7K noise.

Sandy 
Weinreb



= DSA-110 infrastructure
2.25km site 

 Each antenna served with two 
single-mode fibers and power

Outrigger antenna 
“Drinks cooler” pull 
box and ground rod

Morgan 
Catha

Antenna box 
LabJack + custom interface 

board for M&C.  
Custom dual-pol signal 

conditioning and RFoF TX. 

Fiber vault 
486 fibers terminated 
in breakout rack, to 

serve backend.



Roxy on her break



DSA-110 monitor and control - etc

etcd 
A distributed key-value store (RPC + 
hashtable), used to share up-to-date 

configuration information among 
various services.

Custom M&C system based on a microservice model.

Sufficiently performant for 104 keys at the <<1s level. 


Used to interface with antennas, receivers, digital backend, data 
QA, and even to trigger voltage dumps for FRBs!

Rick 
Hobbs



View of one half the 
correlator room, showing 
BEBs, SNAPs, servers.

Detect FRBs in 
coherent combination 

of core antennas

Trigger storage of 
voltage data for full 

array in real time

Supply calibration 
solutions and localize 
events in voltage data

Mark 
Hodges



Software
• High level of code reuse and portable data formats:


• psrdada, xGPU, heimdall, sigproc, pyuvdata, CASA


• Highlights of new development:


• Real-time: multi-thread packet capture, tensor-core 
beamformer, second-stage corner turn, RFI flagging.


• Post real-time: T2 (candidate clustering) and T3 (vetting and 
localization) pipelines, calibration and system health pipelines.


• Attention paid to reusability and version tracking

Dana Simard

Casey Law


Greg Hellbourg

Liam Connor

Bade Uzgil

Rick Hobbs


James Lamb

https://github.com/dsa110



Morgan 
Catha
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DSA-2000 (2023+)
A radio survey camera and multi-messenger machine for the 2020s. 

A. 3pi str 0.7-2 GHz cadenced 
continuum survey to 2 uJy (~65% 
time). Deep drilling LSST fields to 100 
nJy (~5%).


B. Pulsar timing array (~25% time) and 
EMGW (~5% time).


C. Commensal coherent beams for 
FRBs and pulsars.

Hallinan, Ravi +19 
arXiv:1907.07648





• Our understanding of the diffuse, dark universe is beset 
by theoretical uncertainty, pointing to true observational 
problems.


• Sensitive low-surface-brightness imaging and emission/
absorption spectroscopy across the EM spectrum are 
beginning to reveal new baryonic phases.


• FRBs are the most promising probes of the total matter 
contents and physical conditions along their sightlines.


• The DSA-110 will localize a few hundred FRBs to their 
host galaxies, and address these fundamental problems 
on the matter distribution of the Universe. 


