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A dynamic universe



Fast Radio Bursts

The Champion et al. bursts…

n Champion et al. (2016)

n FRB 090625 DM=897
n FRB 121002 DM=1629
n FRB 130626 DM=952
n FRB 130628 DM=469
n FRB 130729 DM=860



The Physics of Fast Radio Bursts



host galaxy …

polarization …

SGR connection
Detective’s job: A lot of fun! 

Respect data 
Remove theoretical prejudice 
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Observations 

Finger prints, foot prints & smoking guns



FRB observational properties: Temporal
• Short duration: milli-seconds 
• Internal structure & scattering tail  
• Repetition:  

• Repeaters vs. apparent non-repeaters  
• Maybe all bursts repeat?  
• Possible observational dichotomy 

between repeaters and one-off FRBs

Spitler et al. 2016

Lorimer et al. 2007

The Champion et al. bursts…

n Champion et al. (2016)

n FRB 090625 DM=897
n FRB 121002 DM=1629
n FRB 130626 DM=952
n FRB 130628 DM=469
n FRB 130729 DM=860

Champion et al. 2016



FRB observational properties: Spectral
• Frequency (110 MHz to 8 GHz) 
• Spectral shape: power law or Gaussian-

like narrow spectrum (repeaters)  
• Frequency down drifting (sad trombone)

   rFRB 121102              rFRB 180814.J0422+73 
Hessels et al. 2019     CHIME/FRB collaboration 2019

rFRB 20201124A 
Zhou et al. 2022  
(FAST FRB KSP)



FRB observational properties: Polarization
• ~100% linear polarization for most bursts 
• High circular polarization (up to 90%) in 

some bursts 
• Constant PA in each burst in some sources 

(rFRB 20121102); varying PA in each burst 
in some other sources (rFRB 20180301A) 

• Large rotation measure (RM) for some 
FRBs. Regular or low RM for some others. 
Secular & short-term variations

Propagation Along a Magnetic Fiehi; Famday Rotation 231 

( a )  

Figwe 8.14 Decomposition of linear polarization into conpments of right and 
kfi circular plarization 

(b )  

Figure 8.16 Faraday rotation of the prcUre of polarizatioa 

Thus we have the result 

or, substituting for and oB, we obtain the formula for Faraday rotation: 

(8.31) 

As derived here, this formula holds only if the direction of B is always 
along the line of sight. However, it can be shown that this formula holds in 
general if we use B,,,  the component of B along the line of sight. 

Since A 0  varies with frequency (as up*) for the same line of sight, we 
can determine the value of the integral JnB, ,  ds by malung measurements at 
several frequencies. This can be used to deduce information about the 
interstellar magnetic field. However, if this field changes direction often 
along the line of sight (as we believe it does), then this method gives only a 
lower limit to actual field magnitudes. 
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statistical significance and indicate that the rotation measure can vary by 
at least 10% on half-year timescales (Table 1 and Extended Data Fig. 5).

The Faraday rotation must come almost exclusively from 
within the host galaxy; the expected Milky Way contribution17 is  
−25 ±  80 rad m−2, while estimated intergalactic medium  contributions18 
are lower than about 102 rad m−2. In the source  reference frame, 
RMsrc =  RMobs (1 +  z)2 =  + 1.46 ×  105 rad m−2 and + 1.33 ×  105 rad m−2 
for the Arecibo and GBT data, respectively, where z is the redshift. 
Without a correspondingly large change in the dispersion measure, 

the observed variations in rotation measure indicate that the Faraday 
rotation comes from a compact region with a high magnetic field. 
Furthermore, that region must be close to FRB 121102 because it is 
very unlikely that an unrelated small structure with the required high 
magnetic field is coincidentally in the line of sight.

We can fit all 16 Arecibo bursts with a single polarization angle 
= ±∞

! !PA 58 1global  (referenced to infinite frequency; measured anti-
clockwise from North to East) and a single RMglobal per observation 
day (Table 1). However, we cannot rule out small changes in the 

Table 1 | Properties of Arecibo (1–16) and GBT (GBT-1 and GBT-2) bursts
Burst Modified Julian date Width (ms) S (Jy) F (Jy ms) RMobs (rad m−2) PA∞ (°) RMglobal (rad m−2) ∞PAglobal  (°)

1 57,747.1295649013 0.80 0.9 0.7 + 102,741 ±  9 49 ±  2
2 57,747.1371866766 0.85 0.3 0.2 + 102,732 ±  34 55 ±  9
3 57,747.1462710273 0.22 0.8 0.2 + 102,689 ±  18 64 ±  5
4 57,747.1515739398 0.55 0.2 0.09 – –
5 57,747.1544674919 0.76 0.2 0.1 – – + 102,708 ±  4
6 57,747.1602892954 0.03 1.8 0.05 + 102,739 ±  35 49 ±  9
7 57,747.1603436945 0.31 0.6 0.2 + 102,663 ±  33 71 ±  9
8 57,747.1658277033 1.36 0.4 0.5 + 102,668 ±  18 67 ±  4
9 57,747.1663749941 1.92 0.2 0.3 – – 58 ±  1
10 57,747.1759674338 0.98 0.2 0.2 – –
11 57,748.1256436428 0.95 0.1 0.1 – –
12 57,748.1535244366 0.42 0.4 0.2 + 102,508 ±  35 63 ±  10
13 57,748.1552149312 0.78 0.8 0.6 + 102,522 ±  17 59 ±  4 + 102,521 ±  4
14 57,748.1576076618 0.15 1.2 0.2 + 102,489 ±  18 67 ±  5
15 57,748.1756968287 0.54 0.4 0.4 + 102,492 ±  37 64 ±  10
16 57,772.1290302972 0.74 0.8 0.6 + 103,020 ±  12 64 ±  3 + 103,039 ±  4
GBT-1 57,991.5801286366 0.59 0.4 0.2 + 93,526 ±  72 73 ±  8

+ 93,573 ±  24 68 ±  2GBT-2 57,991.5833032369 0.27 0.9 0.2 + 93,533 ±  42 71 ±  4
Modified Julian dates are referenced to infinite frequency at the Solar System barycentre; their uncertainties are of the order of the burst widths. Widths have uncertainties of about 10 µ s. Peak flux 
densities S and fluences F have about 20% fractional uncertainties. Rotation measures are not corrected for redshift, and polarization angles are referenced to infinite frequency. Bursts with no 
 individual rotation measure entry (–) were too weak to reliably fit on their own. The last two columns refer to a global fit of all bursts. All errors are 1σ; see Methods for observational details.
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Figure 1 | Polarization angles, pulse profile and spectrum of four 
bursts. The grey horizontal lines indicate the average polarization angle of 
each burst. The red and blue lines indicate linear and circular polarization 
profiles, respectively, while the black line is the total intensity. a, b, The 

Arecibo bursts are plotted with time and frequency resolutions of 10.24 µ s 
and 1.56 MHz, respectively. c, d, The GBT bursts are plotted with time and 
frequency resolutions of 10.24 µ s and 5.86 MHz, respectively.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Luo et al. 2020, NatureMichilli et al. 2017, Nature

Xu et al. 2022, NatureJiang et al. 2022, RAA Li, Y. et al. 2026, Science



FRB observational properties: DM and z
• Excess dispersion measure (DM)  

• Redshift: 
• From DM: z << 1 to z > 3; 
• Measured: 0.1-0.7

DM of FRB

Cordes +, 2016, ApJ

DM contributions: 

Milky Way

Host Galaxy

Near-source 
plasma

IGM
Earth

Macquart et al. 2020, Nature, 581, 391

Zhuge et al. 2025

FRBs are natural probes to study the 
universe and fundamental physics 



FRB observational properties:  
luminosity, energy, brightness temperature

• Luminosity and energetics 

• Isotropic peak luminosity:  
• Isotropic energy:  
• These numbers are smaller by a factor of  if FRBs are beamed; 

the total number of bursts may increase by the same factor (if 
isotropic). 

• Brightness temperature (imaginary temperature if radiation is from a 
blackbody)

1038 − 1046 erg/s

1035 − 1043 erg

fb ≡ ΔΩ/4π

Radiation mechanism must be Coherent!



The Physics of FRBs: 
What? Where? & How?

Lu et al. 2020 Metzger et al. 2019



FRB models

Coherent radiation 
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Inside 
magnetosphere 

(pulsar-like)

magnetarsantenna
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Outside 
magnetosphere  

(GRB-like)
Repeating 

models
non-repeating 

models

Other models: 
pulsars, interaction 

models…

vacuum 
maser

plasma 
maser

CBCs, blitzars, BH 
evaporation…

plasma 
maser

vacuum 
maser



FRB Observations

Coherent radiation 
mechanism Source mechanism

Inside 
magnetosphere 

(pulsar-like)

magnetarsantenna

Bottom-up vs. Top-down

Outside 
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plasma 
maser

vacuum 
maser



What? 

Sources & Source progenitors
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What? Magnetars

• Major breakthrough in 2020: FRB 
20200428D came from Galactic magnetar 
SGR J1935+2154!

CHIME/FRB Collaboration 2020;  
Bochenek et al. 2020; 
Lin et al. 2020; 
Li et al. 2021;  
Mereghetti et al. 2020;  
Ridnaia et al. 2021;  
Tavani et al. 2021

Magnetars are the most magnetized neutron stars, 
with surface magnetic field of the order of  G1015



What?
• All magnetars?


• Active repeaters: 
magnetars in binaries 
with aligned geometry 
(or a small fraction: 
isolated magnetars 
with aligned geometry)


• Inactive repeaters: 
magnetars in isolated 
systems or in binaries 
with misaligned 
geometry

B. Zhang & R.-C. Hu (2025)

J.-W. Luo et al. (2025)

Beniamini & Kumar (2025)

For binary models, see also earlier papers: Ioka & Zhang (2020); Wang et al. (2022); Yang et al. (2023) ….



Formation channels of magnetars: 
Single vs. binary systems

• Most in single systems, most are born with 
aligned geometry, but later undergo spin-flip


• Multiple channels can form magnetars in 
binary systems; some are born and can 
maintain the aligned geometry

B. Zhang & R.-C. Hu (2025) 
R.-C. Hu & B. Zhang (2025)



The role of the companion  
& diverse RM evolution behaviors

• Most have a massive star companion


• The companion wind helps to maintain spin/
magnetic axis alignment and prefers a 
triple-alignment geometry


• The companion wind may also help to 
increase the FRB trigger rates 

B. Zhang & R.-C. Hu (2025)



Where & How? 

Radiation mechanisms



FRB models
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Condition for coherent emission:Brightness temperature:

General coherent mechnanisms:

• Antenna mechanism (bunches) 
• Plasma instabilities (plasma masers) 
• Vacuum masers



Where? 
For magnetars: inside or far awar from 

magnetosphere?

Lu, Kumar & Zhang (2020)
Metzger, Margalit & Sironi (2019)



Magnetospheric origin of FRB emission

• Observational supports: 
• FRB 200428 - XRB association, 

peak alignment 
• Pulsar-like behavior: PA swing 

(rotation vector model), 
orthogonal jump, circular 
polarization 

• Short waiting time, burst clusters 
• High burst rates, large energy 

budget  
• Narrow spectrum 
• Rapid variability 
• Scintillation constraint 
• Narrow beaming (off-beam FRB)

Li, C. K. et al. 2021
Luo et al. 2020

Niu et al. 2024

Mckinven et al. 2024

Jiang et al. 2024



Magnetospheric origin of FRB emission

• Observational supports: 
• FRB 200428 - XRB 

association, peak alignment 
• Pulsar-like behavior: PA swing 

(RVM), orthogonal jump, 
circular polarization 

• Short waiting time, burst 
clusters 

• High burst rates, large energy 
budget  

• Narrow spectrum  
• Rapid variability 
• Scintillation constraint 
• Narrow beaming (off-beam 

FRB)

Li, D. et al. 2021 Zhou et al. 2022

Ebursts = (6.4 × 1045 erg)( Eradio

3.4 × 1041 erg ) ( Fb

0.1 ) ( η
10−4 )

−1

( ζ
0.053 )

−1

(3.85 × 1045 erg)

Emag ≃ (1.7 × 1047 erg)B2
*,15R

3
6

(FRB 20201124A in 4 days)

(FRB 20121102 in 47 days)

Li, D. et al. 2021; Xu, H. et al. 2022; Zhang, Y. K. et al. 2022 
Zhang, J. S. et al. 2025, submitted



Magnetospheric origin of FRB emission

• Observational supports: 
• FRB 200428 - XRB 

association, peak alignment 
• Pulsar-like behavior: PA swing 

(RVM), orthogonal jump, 
circular polarization 

• Short waiting time, burst 
clusters 

• High burst rates, large energy 
budget  

• Narrow spectrum 
• Rapid variability 
• Scintillation constraint 
• Narrow beaming (off-beam 

FRB)

Zhou et al. 2022 Zhang, Y. K. et al. 2022
Kumar, Qu & Zhang 2024

Zhou et al. 2024
Nimmo et al. 2021 
Lu, Beniamini & Kumar 2022

Δt/T ≪ 1



Magnetospheric origin of FRB emission

• Observational supports: 
• FRB 200428 - XRB 

association, peak alignment 
• Pulsar-like behavior: PA swing 

(RVM), orthogonal jump, 
circular polarization 

• Short waiting time, burst 
clusters 

• High burst rates, large energy 
budget  

• Narrow spectrum 
• Rapid variability 
• Scintillation constraint 
• Narrow beaming (off-beam 

FRB)
Nimmo et al. 2024 
Kumar, Beniamini, Gupta 2024



Magnetospheric origin of FRB emission

• Observational supports: 
• FRB 200428 - XRB 

association, peak alignment 
• Pulsar-like behavior: PA swing 

(RVM), orthogonal jump, 
circular polarization 

• Short waiting time, burst 
clusters 

• High burst rates, large energy 
budget  

• Narrow spectrum 
• Rapid variability 
• Scintillation constraint 
• Narrow beaming (off-beam 

FRB)

X. B. Li et al. (2024)

Zhang (2021)



Theoretical difficulties?

Qu, Kumar & Zhang (2022)

Beloborodov (2021) 
Sobacchi et al. (2024)

Zhang & Hu (2025)FRB waves  can propagate within a magnetar  
magnetosphere if it originates from an open field line  

region where the plasma moves relativistically outward,  
especially under the nearly aligned geometry



Where?
• Overwhellming observational evidence suggests that FRB bursts (at least those 

emitted by active repeaters) originate from magnetospheres! 

Lu, Kumar & Zhang (2020)



How? 

Radiation mechanisms
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Personal favorate model: Inverse Compton scattering
Zhang, 2022, ApJ, 925, 53 

Qu & Zhang 2023, MNRAS; 2023, 522, 2448 
Qu & Zhang, 2024, ApJ, 972, 124

Bridging kHz 
seismic waves 
and GHz radio 

waves

High emission 
power for 
individual 

particles, less 
coherence 
demanded

Narrow spectra 
Linear & circular 

polarization

Bunching by low-
frequency waves?



Conclusions
• What:  

• Active repeaters are likely powered by magnetars in binary systems with aligned geometry


• Inactive repeaters are likely isolated magnetars or magnetars in binaries with mis-aligned geometry


• There could be other possibilities, including those associated with gravitational waves


• Where: 

• Magnetospheric origin at least for most active repeater bursts


• How: 

• Still uncertain, but possibilities are narrowed down; inverse Compton scattering?


• Top-down approaches (from observations) should be more fruitful than bottom-up approaches


• FRBs are valuable probes for the universe, and fundamental physics


