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Abstract

Rotation measure (RM) and dispersion measure (DM) are characteristic properties of fast radio bursts (FRBs) that contain important information of their source environment. The time evolution of the RM and DM is more inclined to be ascribed to local plasma in the host galaxy, rather than the intergalactic medium or free electrons in the Milky Way. A sudden, drastic RM change was recently reported for an active repeating FRB 20220529, implying that some kind of mass ejection happened near the source. In this work, I suggest that magnetar flare ejecta could play this role and give rise to the significant RM change. I introduce a toy structured ejecta model and calculate the contribution to RM and DM by a typical flare event. I find that this model could aptly reproduce the RM behavior of FRB 20220529 under reasonable parameters and similar sudden changes are expected for as long as this source maintains its activity.
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1. Introduction
Fast radio bursts (FRBs) are extremely-bright millisecond pulses discovered in 2007 (Lorimer et al. 2007). Due to the dedicated search for bursts from different radio facilities in the past a few years, more than eight hundred FRB events are discovered and several tens of them are repeating. With the rapidly-accumulating sample of events and bursts, our understanding on this mysterious phenomenon is being refreshed continuously (for recent reviews, see e.g., Xiao et al. 2021; Petroff et al. 2022; Zhang 2023). The Five-hundred-meter Aperture Spherical Telescope (FAST) is suitable for performing long-time monitoring of these repeaters. Thanks to its high sensitivity, the fine characterization of several repeaters has been achieved, with burst counts reaching the level of a thousand.
One of the most interesting findings by FAST is that the dynamic magnetic environment indicated by long-term rotation measure (RM) evolution. Oscillating RM variation was firstly discovered in FRB 20201124A (Xu et al. 2022) and then confirmed in FRB 20190520B, even with a sign reversal (Anna-Thomas et al. 2023). This oscillation behavior was suggested to originate from a binary system consists of a neutron star (NS) and a massive star (Wang et al. 2022). With the orbital motion of the FRB-emitting NS through the magnetized disk or wind of the massive star, significant RM variation is induced then the RM oscillation period is determined by the orbital period (Zhao et al. 2023). This picture remains to be tested since there is no concrete evidence of multiple periods.
The very recent discovery in FRB 20220529 is more intriguing that a sudden increase of RM was identified. For over 17 months, its RM varied slowly between −300 and 300 rad m−2, however, it encountered an abrupt boost to 1976.9 rad m−2 within the next two months and recovered to normal level in just 14 days (Li et al. 2025). A long-term DM fluctuation of ∼20 pc cm−3 is also seen, but it is quite stochastic and not closely related to the RM variation. In particular, the observed DM variation during the abrupt RM change phase is quite small compared to its stochastic fluctuation. This rapid change of RM indicates that some kind of magnetized plasma appeared along the line of sight. The short recovery time has suggested a short existence time of this plasma. In the binary scenario, it is likely that the massive star ejected some coronal plasma due to a stellar flare. Alternatively, the magnetar itself can also eject ionized plasma during a flare. In this work, I focus on this magnetar flare scenario.
The source of FRBs is still on debate but magnetar model is in the leading position since the solid association between an X-ray burst from Galactic magnetar SGR 1935+2154 with FRB 20200428D (CHIME/FRB Collaboration 2020; Bochenek et al. 2020; Li et al. 2021; Mereghetti et al. 2020; Ridnaia et al. 2021; Tavani et al. 2021). It is well established that magnetar giant flares are capable of ejecting huge amount of baryons, for instance, an outflow mass of ≥1024.5 g for SGR 1806−20 giant flare was confirmed by radio observation (Gelfand et al. 2005). As a scaled-down version of giant flare, it is expected that some baryonic plasma was also ejected during normal magnetar flares. Theoretically, baryons in the crust can be ejected via magnetic reconnection induced by starquake or slow untwisting of the internal magnetic field (Thompson & Duncan 1995; Lyutikov 2003). Observationally, one possible piece of indirect evidence could come from the fact that the persistent radio source of FRB 20121102A and its huge RM are consistent with a flaring magnetar embedded in a wind nebula (Margalit & Metzger 2018). In this case, sufficient ions are needed since pure pair plasma contributes no net RM. However, an X-ray burst forest was detected before FRB 20200428D (Younes et al. 2020; Kaneko et al. 2021), but the RM value of this FRB is similar to those of the normal radio pulses from this magnetar (Zhu et al. 2023). This implies that the flare ejecta (if present) do not contribute to the observed RM for this FRB. This point needs to be properly addressed within magnetar flare scenario.
This Letter is organized as follows. In Section 2, I introduce a toy model for magnetar flare ejecta. Then in Section 3, I present the theoretical predictions of the model and discuss parameter dependences. Furthermore, I describe the application of our model to two special events in Section 4, where the drastic RM change of FRB 20220529 and the absence of change of FRB 20200428D are well explained. I finish with a discussion and conclusions in Section 5.
2. Toy model description
The magnetar can produce a flare and the ejecta may be heavily baryon-loaded. Ejecta matter is assumed to be composed by a bunch of shells with different velocities, as shown in Figure 1. The radial structure of the flare ejecta is assumed to be a universal power-law form, namely, the mass distribution follows
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	[image: thumbnail]	Fig. 1. Schematic picture of the toy model. The ejecta are composed of several ion shells with different velocities. The mass distribution is not necessarily uniform for both the radial and angular directions.



with s ≤ 0. The normalization is determined by [image: equation] where vmin,  vmax are the shell velocities at the inner and outer boundary, respectively. The angular structure of ejecta is somewhat uncertain. In general, we can introduce the latitudinal and longitudinal angles θej,  φej to describe it. If we assume a homologous expansion r = vt, the volume of a shell is
[image: thumbnail](2)
Introducing the shell density, ρ, we have
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The above expression applies to the most general case. To be more specific, we can make further assumptions on the angular structure. Similarly to the case of the structure of a gamma-ray burst jet or kilonova ejecta (e.g., Huang et al. 2018), I have assumed a simple power-law mass profile in the latitudinal direction,
[image: thumbnail](4)
where θc represents the central core and dm is the mass along a certain longitudinal direction. For simplicity, I assumed the shell mass is distributed uniformly in longitudinal direction, hence, the normalization is calculated via [image: equation]. With these simplifications, we can easily express the shell density as
[image: thumbnail](5)
Assuming a initially-ionized pure hydrogen ejecta with a mean molecular weight of μm ∼ 1 after the magnetar flare, we get the initial free electron number density: ne, 0 = ρ/(μmmp). It is reasonable to assume full ionization at the beginning since the thermal X-ray emission from the magnetar surface suggests a typical plasma temperature of the order of kT0 ∼ keV (Kaspi & Beloborodov 2017), which is much greater than the ionization energy of hydrogen, IH ≃ 13.6 eV. However, the shells suffer adiabatic cooling while moving outwards and the temperature decreases with radius as T ∝ r−2/3. Once it drops close to IH, recombination is non-negligible. The recombination coefficient is given by Burbidge et al. (1963)
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where Y ≡ IH/kT is dimensionless, α is fine structure constant, a0 is the Bohr radius, and [image: equation] is the recombination Gaunt factor. The approximated expression of ϕ(Y) is (Tucker & Gould 1966), namely,
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Due to recombination, the decrement rate of number density for electrons and ions is
[image: thumbnail](8)
For pure hydrogen ejecta Z = 1, the proton number density nZ = ne can be achieved at any time. We need to solve the above equation to obtain the number density of free electrons since only they are relevant to DM and RM. The dependence of contributed DM and RM by the flare ejecta with time and viewing angle is
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where z is the redshift of cosmological FRBs. The parallel magnetic field strength is somewhat uncertain. Within the light cylinder radius RLC = cP/2π, a dipole configuration is usually adopted. Generally, the field configuration outside the light cylinder can be obtained by solving an axially symmetric force-free pulsar equation for the magnetic flux (Mestel 1973; Michel 1973a; Okamoto 1974). Two of the analytic solutions found were “split monopole” (Michel 1973b) or “inclined split monopole” (Bogovalov 1999), whereby the poloidal field strength decays as Bp ∝ r−2 and the toroidal field decays as Bφ ∝ r−1. Furthermore, 3D numerical time-dependent calculations for the force-free magnetosphere of an oblique rotator were performed and the “universal solution” was found (Spitkovsky 2006; Kalapotharakos & Contopoulos 2009). Although it differs from Michel-Bogovalov monopole for sufficiently large inclination angles, the poloidal field averaged over the angle φ still retained the form ⟨Bp⟩∝r−2. This universal solution was generally reproduced via particle-in-cell simulations (Philippov et al. 2015). In our scenario, FRBs and flare ejecta are both produced by the central magnetar and then propagate radially. Thus, only the poloidal field component can contribute to the observed RM. Therefore, I considered a generic description with a smooth transition at RLC,
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with a fixed n = −2. We note that Eq. (9) is only valid for cold plasma (Yang et al. 2023). However, the ejected plasma from the magnetosphere is initially hot and ultra-relativistic. Outside the magnetosphere, there is no parallel electric field to accelerate charged particles. Adopting canonical parameters of Bp = 1015 G and P = 1 s for a magnetar, the field strength at RLC is BLC = 9.2 × 103 G. Afterward, these relativistic electrons can cool efficiently due to synchro-curvature radiation. We can evaluate the synchrotron cooling timescale as
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therefore, on a timescale of several days of RM evolution, as in the case of FRB 20220529, the relativistic electrons have cooled down. Thus, Eq. (9) is justified.
The other issue is that FRBs may be absorbed by the ejecta. The free-free absorption opacity, τff, is
[image: thumbnail](12)
where the free-free absorption coefficient and Gaunt factor are functions of temperature (Yang & Zhang 2017), expressed as:
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where ν is the frequency of FRBs and γ = 0.577 is Euler’s constant. With all the ingredients at hand, we can calculate the DM and RM as FRBs propagate through the flare ejecta.
Results and parameter dependences
Here, I show the calculated DM and RM for the most general cases. Typical parameters were assumed to be B0 = 1015 G, vmax = 0.1c,  vmin = 0.0001c, and s = −2, along with the simplest spherically symmetric angular profile (i.e., θej = π/2,  φej = π,  k = 0). Therefore, the viewing angle is θ = 0. First, we can solve Eq. (8) to get the ionization fraction evolution, which is shown in Fig. 2. Obviously it depends on the total ejecta mass and I compare three cases of different Mej values. Right after the ejection from magnetosphere, recombination start to play an important role in less than 10 s and ionization fraction reaches a constant value after ∼1000 s. The heavier the ejecta, the lower the fraction in equilibrium. The ejecta composition can also influence the ionization fraction and then the number density of free electrons. For other hydrogen-like ions with charge number Z, the mean molecular weight is different and the expression of Y in Eq. (6) should multiply Z2. In Fig. 2, the cases of pure helium ejecta are shown for comparison. The ionization fractions of helium ejecta are much lower; therefore, the contributed DM and RM are smaller in proportion. Furthermore, we can obtain the time evolution of DM, RM, and τff that are shown in Figs. 3 and 4. We can see that these quantities all increase with Mej, but only to a limited extent due to the decrease of ionization fraction. The characteristic timescale for the ejecta to be transparent to free-free absorption is a few thousand seconds. At this moment, the DM contributed by the ejecta is only a few units; therefore, it is hard to identify a flare event from DM variations of a repeating FRB. However, the contribution to RM by the ejecta can be very prominent. For our fiducial case in Fig. 4, the RM contribution is still high (≥103 rad m−2) after ∼10 days, which is much easier to identify in observations. In the next section, I show that the sudden dramatic RM change of FRB 20220529 is probably a signature of flare ejecta.
	[image: thumbnail]	Fig. 2. Time evolution of the ionization fraction of the ejecta. Different line styles represent cases of different ejecta mass, while different colors represent different composition. Recombination effect is important and generally the heavier the ejecta, the lower the ionization fraction. For pure helium ejecta, the ionization fractions are much lower than those of hydrogen ejecta, giving rise to smaller DM and RM contributions.



	[image: thumbnail]	Fig. 3. Time evolution of the DM and τff contributed by a typical hydrogen ejecta.



	[image: thumbnail]	Fig. 4. Time evolution of the RM contributed by a typical ejecta.



Apart from Mej, there are many more parameters that can have a impact on the RM evolution. The influence of B0 is quite straightforward. The spin period determines the light cylinder radius; therefore, this will also influence RM according to Eq. (10). The choice of vmax,  vmin influences the decay timescale of RM and DM. The time needed for the contribution becomes negligible is shorter for ejecta moving out with higher speed. Furthermore, the initial temperature of the ejecta will influence the recombination rate, thus indirectly influence the RM values. This is shown in Fig. 5 that the higher initial temperature, the more abundant free electrons and the greater RM.
	[image: thumbnail]	Fig. 5. Similar to Fig. 4, but fixing Mej = 1021 g and allowing T0 vary.



4. Applications to two special FRB events
In this section, I discuss the application of our model to two special FRBs. The rapid change of RM is a natural outcome of matter ejection according to above section. I assumed the magnetar flare occurs at Tstart (in MJD). Taking (Mej,  B0,  P0,  Tstart) as the parameters and fixing s = −1,  vmin = 0.0001c,  vmax = 0.1c,  T0 = 108 K, I used a Markov chain Monte Carlo (MCMC) approach and found the RM data can be well fitted, as shown in Fig. 6a. At the same time, the τff and DM contributed by the ejecta are both negligible (see Fig. 6b). Outside the period of the abrupt RM change phase, there are stochastic fluctuations of RM and DM with mean values of [image: equation] rad m−2, [image: equation] pc cm−3, which are adopted as their baseline values respectively. The pink and cyan area in Figure 6 show the long-term variation ranges with respect to the baseline values. The best-fitting parameters are listed in Table 1 and the relevant corner plot is shown in Fig. A.1. All parameters are contained within a reasonable range and, therefore, the magnetar flare scenario is fitting to explain this special RM behavior.
	[image: thumbnail]	Fig. 6. Fitting results of FRB 20220529 by the flare scenario. (a): Model fitting of the RM behavior. A baseline value [image: equation] rad m−2 has been subtracted. The shaded pink region shows the RM variation range outside the abrupt RM change period. (b): Time evolution of DM and τff under the best-fitting parameters in Table 1. The DM contribution by the ejecta is very small, compared to the stochastic fluctuation shown by the shaded cyan area.



Table 1. 
Best-fitting values using MCMC method.

Different from FRB 20220529, no significant RM change was observed for the Galactic FRB 20200428D, which should also be explained within this scenario. As I discuss above, the amplitude and the decay timescale of RM depend on several parameters. For the source magnetar SGR 1935+2154, the spin period is P0 = 3.245 s and magnetic field strength is B0 ≃ 2.2 × 1014 G. Both values have been determined from observations (Israel et al. 2016). Therefore, we can adjust other parameters to reduce the RM contribution. As an example, I fixed Mej = 1021 g, T0 = 106 K, s = −2, vmax = 0.3c, and let vmin vary. A relative large vmax was adopted for this magnetar to ensure that the total kinetic energy of flare ejecta matched its observed X-ray burst energy of ∼1039 erg. The result is shown in Fig. 7. Just after ∼104 s, both RM and DM fall below unity. If we do not have the good fortune to catch an FRB within such a short timescale after the flare, the signal of RM contribution by the ejecta would probably be missed in observations. This is likely the case for FRB 20200428D, since it is not a very active repeater. There is an X-ray burst accompanying FRB 20200428D, which might indicate matter ejection. However, a detailed analysis suggested that the radio burst occurred slightly earlier than X-ray burst; therefore, these ejected shells will have no influence on DM and RM.
	[image: thumbnail]	Fig. 7. Possible set of parameters explaining the absence of notable RM change for FRB 20200428D. Both RM and DM contribution decline to unity rapidly, therefore, they can hardly be identified in observations.



5. Discussion and conclusions
In this work, I have constructed a simple toy model for the structure of magnetar flare ejecta and calculated its possible contribution to RM and DM values of FRBs. I find that for canonical magnetar flare parameters, it is possible to identify the RM change from observations. It is certainly more difficult to identify the DM change because after the time of τff <  1, the DM contribution by the ejecta is only moderate (≲10 pc cm−3) and decays rapidly. I note that there is a suitable “time window” to identify these variational behaviors in observations. Below ∼0.1 days, the ejecta is still opaque due to free-free absorption, whereas above a few tens of days, the RM contribution from the ejecta becomes negligible. Assuming that the magnetar flare ejection (X-ray activity) and FRB production are physically unrelated, it is easier for an active repeater to have a burst falling in this time window. In this sense, it is a natural expectation that this RM change was observed for FRB 20220529, but not for FRB 20200428D due to a difference in source activity. Moreover, the relevant parameters of FRB 20220529 source magnetar may be more preferred to give rise to RM change. Therefore, as long as FRB 20220529 maintains its activity, similar sudden RM changes are guaranteed to be discovered by long-time monitoring of this source.
In this work, I adopted the simplest case that the ejecta is spherically symmetric and the viewing angle θ = 0. In principle, the angular structure could be more complicated. Due to the limited number of bursts with RM measurements in flare stage, the angular structure cannot be constrained well and performing a model fitting based on the simple case is good enough. If we have the ability to observe another similar case with adequate datapoints characterizing the RM evolution in great detail, probing the structure of ejecta will be realizable in the future. One critical advantage of our model is that the magnetar itself can complete the process without a companion; therefore, the occurrence rate of a similar RM change is higher than that of binary model. The probability of a companion ejecting coronal mass at right time and the right direction is very low.
As there are specific opportunities to observe sudden RM change contributed by the flare ejecta, I encourage the search for FRBs following X-ray bursts of magnetars within a time lag of ∼105 s. In particular, SGR 1935+2154 has a relatively high activity in X-rays, but it only emits FRBs occasionally. The redshift of FRB 20220529 source is a bit high (z = 0.1839); thus, the X-ray flux is too low to be detected by current X-ray satellites when assuming typical burst luminosity of ∼1041 erg. Therefore, we can scarcely forecast when a similar sudden RM change will occur without an X-ray notice. We look forward to the possibility of witnessing an active repeating FRB associated with enormous X-ray activity in the future, which will allow us to test our model in detail and help break the parameter degeneracy.
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Appendix A:  Parameter corner plot of the MCMC results
	[image: thumbnail]	Fig. A.1. Parameter corner plot of the MCMC results. The contours are 1σ, 2σ, and 3σ uncertainties.
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	[image: thumbnail]	Fig. 6. Fitting results of FRB 20220529 by the flare scenario. (a): Model fitting of the RM behavior. A baseline value [image: equation] rad m−2 has been subtracted. The shaded pink region shows the RM variation range outside the abrupt RM change period. (b): Time evolution of DM and τff under the best-fitting parameters in Table 1. The DM contribution by the ejecta is very small, compared to the stochastic fluctuation shown by the shaded cyan area.
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