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Abstract: Planet formation begins when a molecular dust cloud collapses in on itself to form a young, central star

surrounded by a disk of dust and gas known as a protoplanetary disk. T-Tauri stars, or young sun-like stars, are

X-ray bright, where the emitted X-ray photons drive chemical evolution in the disk via ionization of H2. Typically

X-ray emission, and therefore disk ionization levels, is considered constant on time scales less then thousands of years.

However, T-Tauri stars are known to be X-ray variable on short times scales (days to weeks) via X-ray flaring events.

We model the chemical responses to flares over the course of 500 years. We find that flares have both a cumulative

impact on disk chemistry, resulting in a new pseudo steady state, and a short-term impact, resulting in stochastic

abundances on observationally relevant time scales (days to weeks).

1. INTRODUCTION

Protoplanetary disks are formed after a molecular cloud

gravitationally collapses, forming a pre-main sequence

(PMS) star surrounded by a chemically rich[1–5] and phys-

ically dynamic[6] disk where planet formation occurs. To

understand not only the formation of planets, but also the

chemical compositions of the planets’ terrain and atmo-

sphere, we must be able to accurately model the chemical

and physical processes that occur in the protoplanetary

disk’s complex environment[7,8].

1.1. Chemical and Physical Structure

A typical protoplanetary disk has a radius of tens of as-

tronomical units (au) with a total mass of ⇠ 0.04 M[10]

� ,

but larger disks can span hundreds of au with masses

up to ⇠ 0.2 Me.g.[11]
� . Recent studies from the from the

Disk Substructure at High Angular Resolution Project

(DSHARP) have shown that disks can, and are likely to,

have substructure, such as rings or gaps, spiral arms, and

misaligned ringse.g.[12–15]. This complex physical struc-

ture results in the presence of a broad range of molecular

and atomic species. The physical and chemical structure

of a disk is described by three layers: i. the photon-

dominated region, the outermost layer that is rich in

atomic and ionic species, ii. the warm molecular layer,

the middle layer that is dominated by gaseous molecular

and radical species[1], and iii. the mid-plane, the inner-

most layer composed primarily of dust grains and molec-

ular and atomic ices (Figure 1[9]).

The majority of observed species are small and sim-

ple molecules, such as CO, HCO+, CN, H2O, OH, CO2,

HCN, CS, C2H, and N2H+; however, a number of more

complex molecules, such as formaldehyde, methanol, and

methyl cyanide have also been detected[2–5,16]. Ref. [17]

provides a census of all detected molecules as of 2018,

but the past year has led to the discovery of even more

moleculese.g.[18–20]. Historically, chemistry is thought to

evolve slowly, over the lifetime of the disk (millions of

years)[21–24], but short-term (days to years) chemical evo-

lution has been relatively unexplored. As detection meth-

ods and telescopes are becoming more e�cient at detect-

ing larger molecules and relatively less abundant species

at higher resolutions, we must determine whether it is ac-

curate to assume chemistry is constant over observational

time scales, or if it is possible for external factors, such

as radiation, to result in short-term variability.

1.2. Central Star

Perhaps one of the most important features of a pro-

toplanetary disk is the central PMS star. T-Tauri stars

are a typical PMS star studied in protoplanetary disks, as

they are common and follow the same evolutionary track

as the Sun. T-Tauri stars are highly variable in the X-ray

regime due to X-ray flaring produced by magnetic recon-

nention events on roughly a weekly basise.g.[25]. On the

stllar surface, magnetic loops can be as large as several

stellar radii[26] and can trap hot ionized gas, which radi-

ates X-ray photons at nearly a constant rate defined as

the characteristic, or baseline, X-ray luminosity (Lchar).

When two magnetic loops undergo magnetic reconnec-

tion, the gas is heated up to millions of Kelvin, resulting

in a burst of X-ray radiation known as an X-ray flare[26].

As a star ages, the stellar dynamo stabilizes and magnetic

fields are thought to become less intense and frequent,

so the star experiences less intense X-ray radiation (Re-

view [27] and citations therein). In order to best under-

stand the earliest stages of our Solar System, we must first
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Figure 1. From ref. [9]. Protoplanetary disks are diverse in both chemical and physical structures. Dust settling occurs in

the inner midplane, where temperatures drop low enough for ices to form on the dust grains. Planet formation occurs within

these snow lines.

understand how the highly variable radiation of “young

Suns,” like T-Tauri stars, a↵ects the protoplanetary disk

environment.

1.3. Influence of Stellar Radiation on Chemistry

The high levels of radiation emitted by T-Tauri stars

are known to shape the disk temperature and density

distribution through low energy emission[28] (e.g. IR and

optical) and to drive disk chemistry through ionization

by high energy emission[21–24] (e.g. UV and X-rays). X-

ray emission is of particular interest, as X-ray photons

are capable of penetrating the inner layers of the disk,

while UV photons are absorbed along the disk surface.

Thus, X-rays have the potential to drive chemistry at

greater disk depths[29,30]. X-ray ionization occurs via the

ionization of H2
[31], which results in the formation of H

and H+

3
both of which are essential in the formation of

more complex moleculese.g.[26].

Currently, it is considered typical for protoplanetary

disk models to include a single characteristic X-ray ioniza-

tion rate. However, it is still unknown how a time variable

X-ray ionization rate a↵ects disk chemistry. Recent ob-

servations by ref. [32] suggest that X-ray flaring is a likely

source of chemical variability within protoplanetary disks

based upon Atacama Large Millimeter/submillimeter Ar-

ray (ALMA) observations of significant (20 �) variability

in H13CO+, a known X-ray sensitive molecule. During

the course of my graduate studies, I aim to use a com-

bination of theory and observations to explore both i.

the observational implications of short-term (days) chem-

ical variability in response to discrete flaring events, and

ii. the long-term (years to thousands of years), cumula-

tive impact of stochastic flaring on global chemical abun-

dances.

2. MODEL

2.1. X-ray Light Curve Generator: XGEN

To create synthetic X-ray light curves for use with the

chemical model, we created a flexible code for generat-

ing randomized light curves drawing from known stel-

lar X-ray flare statistics. The code, called the X-ray

Light Curve Generator (XGEN ), models a stochastic

light curve based on a user provided total flare frequency,

flare energy distribution, and rise/decay time. Literature

has shown that the energy distribution of stellar flares

in an X-ray light curve can be defined by a power-law

distribution:

dN

dE
= �log(Etot)

1.0�↵, (1)

where the power-law defines the total number of flares

(dN) that occur over an energy range (dE).

There are a number of flare simulations done in the

paste.g.[33], but these simulations typically generate a

light curve in units of count rate or are designed to specif-

ically replicate individual or small sets observed flares.

XGEN works directly in luminosity. In this work lu-

minosity is calculated in erg second�1, but XGEN can

create a light curve in any user specified energy unit.
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Figure 2. A typical X-ray light curve for a T-Tauri star modeled by XGEN. �LXR is the relative change in luminosity when

there is a flare compared to the characteristic luminosity (Equation 5).

A typical light curve generated by XGEN for a T-Tauri

star is shown in Figure 2, but we note that XGEN is not

limited to an X-ray light curve produced by a T-Tauri

star. Instead, XGEN can create any light curve based

on a power law distribution, including but not limited to

flares from main sequence stars and AGN.

2.1.1. Overview of Model: XGEN uses a random num-

ber generator to determine the probability that a flare

with total energy Etot will occur. The random number

generator uses the python 2.7 numpy.random package,

version 1.16.6 and build py27hbc911f0 0. The probabil-

ity of a flare with energy Etot occurring is defined by

P (Etot) = � (E�↵+1

2
� E�↵+1

1
) (2)

� = �F E↵�1

min �t (3)

where � is a normalization constant, F is the target flare

frequency, �t is the time step resolution ran in XGEN,

and flare frequency is the average observed number of

flares that occur within a set time frame. Multiple flares

are allowed to occur within the same time step, which,

like in reality, could represent flares occurring on di↵erent

parts of the star, for example.

All flares are assumed to have an exponential rise (⌧rise)

and decay (⌧decay) time profile. XGEN is written such

that ⌧rise and ⌧decay can be variable based on a probabil-

ity distribution, but for the purposes of this paper, we

assume a uniform ⌧rise = 3 hr and ⌧decay = 8 hr for all

flares. Individual flare shapes are defined by Equation 4,

where Etot is determined by the random number genera-

tor (Equation 2), and �Lpeak is calculated in the model.

Figure 3 demonstrates the construction of a single flare.

Etot = �Lpeak

Z tpeak

�1
et/⌧risedt+�Lpeak

Z 1

tpeak

e�t/⌧decaydt

(4)

The light curve is constructed by adding the luminosity

of all flares at every time step, then adding the charac-

teristic luminosity (Lchar). For the purpose of this study,

light curves are also normalized with respect to Lchar

(Equation 5).

�LXR =

P
Lflare + Lchar

Lchar

(5)

XGEN includes flares that are lower than presently de-

tectable, e.g., microflaring and nanoflaring events. There-

fore many of the individually modeled flares overlap or are

below a realistic detection limit. As a result, we define

‘observable flares’ as those that satisfy two criteria. First,

the flare peak must be distinguishable. XGEN identifies

individual flare peaks as any point were the slope is ef-

fectively zero (|dLXR/dt| < 0.015). Once individual flare

peaks are identified, the beginning and end of each flare is
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Figure 3. An individual flare modeled by XGEN. Flare shape

is determined by Equation 4, where the total flare energy

(Etot, dashed green lines) is determined via a random number

generator. The flare rise (blue line) and flare decay (red line)

are constructed from ⌧rise and ⌧decay, respectively. The flare

peak (�Lpeak) is calculated by XGEN.

determined by a location where the slope either returns to

zero or switches signs. This process constructs each dis-

tinguishable flare. Second, the distinguishable flare must

have a total energy greater than a predetermined mini-

mum energy value (Emin,obs) to be considered observable.

XGEN can then determine energy distribution and fre-

quency of observable, distinguishable flares, which can

then be compared to an observed energy distribution.

2.1.2. X-ray Light Curve for a T-Tauri Star: The light

curves presented in this work are modeled after the statis-

tical analysis of solar mass PMS stars presented in [25].

The data presented in ref. [25] are from the Chandra

Orion Ultra-Deep Project (COUP). The COUP survey is

the longest, continuous observation of stars in the X-ray

regime, thus making it the most comprehensive study of

X-ray flaring events in solar mass stars to date. The en-

ergy distribution of flares observed by ref. [25] are are

best fit by

N = 1.1 log(Etot)
�0.66 (6)

where N is the cumulative number of flares observed with

total energy Etot or greater and ↵ = 1.66. The reported

average flare frequency was approximately 1 flare every

650 ks, with an uncertainty of 10%, or ⇠ 50 flares per

year.

Flares modeled by XGEN range from Emin = 1032.50 erg

to Emax = 1037.54 erg. Observable flares are considered

Quantity Symbol Value

Parameters from ref. [25]

Max Observed Flare Energy Emax 1037.57 erg

Min. Observed Flare Energy Emin,obs 1034.0 erg

Characteristic Luminosity Lchar 1030.25 erg

Target Flare Frequency F 48.5 yr�1

Flare rise time ⌧rise 3.0 hrs

Flare decay time ⌧decay 8.0 hrs

Parameters found to produce best fit energy distribution

Power-law index ↵ 1.64

Min. modeled flare energy Emin,model 1032.50 erg

Energy Step Resolution �E 100.01 erg

Time Step Resolution �t 60 min

Table 1. Input parameters used to generate an X-ray flare

light curve for a T-tauri star.

* parameters based on a statistical analysis of PMS solar mass

stars presented in [25].

** parameters found to produce the best fit energy distribu-

tion (Figure 4).

those that are consistent with the definition of an ob-

served flare in ref. [25]. The minimum total energy

for an observable flare was set to Etot of the weakest

flare reported in ref. [25], Emin,obs = 1034.0 erg. The

maximum allowed flare energy in the model is consis-

tent with the largest flare energy detected in ref. [25]

(Etot = 1037.57 erg). The characteristic luminosity is set

to logLchar = 30.25 erg, which is in agreement with previ-

ous observations. Flare rise and decay times were set by

⌧rise = 3 hr, e↵ectively instantaneous, and ⌧decay = 8 hr,

the average decay reported in ref. [25].

Light curves were generated with ↵ values ranging from

1.5 to 3.0, where 100 one year curves were ran for each

↵ value. The energy distribution of observable flares is

highly sensitive to the chosen ↵ value, as shown in Figure

4. We find that ↵ = 1.64 yielded the best overall fit

to the observed energy distribution of solar mass young

stellar objects (YSOs)[25] with �2 = 0.15. This power

law index is consistent with the best fit curve (Equation

6, ↵ = 1.66) reported in ref. [25]. It should be noted that

↵ = 1.50 appears to better fit the observed distribution

below Etot ⇠ 1034.5 erg. However, ↵ values less than 1.64

fail to fit the high energy flares and have higher �2 values.

For example, �2 = 0.91 for ↵ = 1.50.
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Figure 4. Energy distribution of flares in a T-tauri star.

The target observed distribution (see ref. [25], Figure 9) is

represented by a black histogram. The best fit is defined by

Equation 6. XGEN was used to model 100 one year light

curves for individual values of ↵. The flare energy distribution

for ↵ = 1.50, 1.64, and 2.00 are shown. ↵ = 1.64 was found

to yield the best fit energy distribution.

2.2 Disk Chemical Model

The chemical disk model used in this work is modeled

after ref. [34]. The physical environment is modeled af-

ter the IM Lup protoplanetary disk[11], the original source

observed to experience variability[32]. The stellar param-

eters for the central star are considered typical for a T-

Tauri star. The chemical model adopts the rate equation

method and includes 644 chemical species and 5944 types

of chemical and physical processes.

A two dimensional disk is simulated by running point

locations at various radial distances (R) and vertical

heights (Z). Modeled radial distances include R = 1.0,

5.0, 10.0, 20.0, 30.0, 40.0, 60.0, 80.0, and 100.0 au from

the central star. Modeled vertical heights ranged from

the disk mid-plane to the disk surface with vertical height

ratios of Z/R = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6.

The model begins with chemical abundances considered

typical for a molecular cloud[35]. A pseudo steady state is

reached by running the the model for 0.5 Myr, when X-

ray flaring events produced by XGEN are initiated. Once

flaring begins, defined as t = 0.0, the model is run for

500 years at four hour time step resolution. Disk density,

temperature, UV ionization, and X-ray ionization are the

same as those used and tabulated by ref. [36]. The model

uses a cosmic ray ionization rate of ⇣ = 2.0e � 20s�1.

We note this value is lower a typical ⇣ = 1e � 17s�1,

but ⇣ = 2.0e � 20s�1 is more consistent with cosmic ray

ionization rates seen in denser regions, such as a disk

mid-plane (e.g. sources).

X-ray flares are incorporated into the chemical disk net-

work by uniformly increasing the X-ray ionization rate

by �LXR (Eq. 5) during flaring events. An increase in

ionization rate is considered both azimuthally symmetric

and symmetric about the mid-plane. This assumption

is likely fine because coronal mass ejections (and by ex-

tension X-ray flares) are known to wrap around the star.

The wrapping results in a uniform photon impact on the

disk (sources). The observed increase in H13CO+ in IM

Lup supports this theory, as enhancement was the same

in both blue and red shift[32].

2.3. Assessment of Chemical Variability

To best understand the impact of flares on chemistry in

the protoplanetary disk the column density (N) and inte-

grated number of each species (N ) was calculated at 1 day

resolution from species abundance at the modeled point

locations (n). Column density is found by N = 2.0
R

ndZ,

assuming symmetry about the mid-plane. The integrated

number of each species is found by N= 2⇡
R

NdR, assum-

ing azimuthal symmetry. Both N and N incorporate light

travel time as the flare propagates through the disk. As

a reference, the disk integrated hydrogen is NH = 1055.

Species with N< 1025 (fractional abundance w.r.t. H

10�30) are considered below the error of the model are

are omitted from the following analysis.

A species’ susceptibility to individual flares, i.e. the

short-term (days) variability, is quantified by the stan-

dard deviation of Nover time. A large standard devia-

tion is indicative of a highly variable species, and a small

(e.g. < 0.01) standard deviation indicates that species

is not impacted by individual flares. The cumulative im-

pact of many flares, i.e. the long-term (centuries) impact,

is quantified by a relative change in abundance (�N ).

�N =
N0

Nfinal

(7)

�N > 1.0 indicates an increase and �N < 1.0 indicates

a decrease in abundance as a result of flares. �N =

1.0 suggests that species is una↵ected by 500 years of

stochastic flares.
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(a)

(b)

Figure 5. Relative change in disk integrated abundance (�N ) as a result of X-ray flaring. N is defined by Equation 7 and

is given in the legend. a.) �N of HCO+. Note that HCO+ is variable on short time scales (days to weeks) as a result of

individual flaring events, but the quiescent HCO+ abundance is relatively constant. b.) �N of C7H
+
4 . Note that C7H

+
4 has a

week response to discrete flaring events, but the quiescent C7H
+
4 abundance gradually increases by ⇠ 10%. This suggests a new

chemical ‘steady-state’ is reached due to the cumulative impact of many flares.

3. PROGRESS TO DATE

3.1. Overview of Flare Driven Chemistry

Chemical responses to X-ray flaring events fall into

three categories. First are flare sensitive species, defined

as species whose abundance varies as a direct result of an

individual flare. Flare sensitivity is measure by standard

deviation (� > 0.05), where the most sensitive species

have large � values. Flare sensitive species are considered

variable on days to weeks long time scales (Figure 5a).

Second are species with altered quiescent states, which

are species with an altered ’steady-state’ abundance as

a result of the cumulative impact of many flares over

the 500 year model. Altered steady state is measured

by the relative change in abundance (� > 5%). A larger

percent change corresponds to a more significant impact

on the disk integrated chemistry. These species appear

to be gradually impacted over hundreds of years result-

ing in a new pseudo steady state (Figure 5b). Third are

species that are non-responsive to flares. These species

have � ⇠ 0.0 and � ⇠ 1.0.

Of the relatively abundant species (N > 1025) only

24% have � or � > 1% and only 14% have � or � > 5%.

The majority of species in the model are una↵ected by

flares. Approximately 10% of species are considered sig-

nificantly variable (� > 0.05), and 8% of species have an

altered steady state (� > 5%). In the following sections,

we explore the significance of flare history when consider-
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Figure 6. Flare susceptible species (H+
2 , H+

3 , SO+
2 , O2H

+)

and example products. �XR indicates X-ray photons and

�UV,fl are fluoresced UV photons. When a flare occurs, the

X-ray flux increases, then increasing the ionization rates of H2

and He, and causing a temporary enhancement in gas-phase

cations.

ing variable species and provide a more in depth analysis

of chemical responses to flares.

3.2. Cations: The Most Flare Receptive Species

Cations are the most responsive group of species ob-

served in the model. Cations are more likely to experi-

ence both an immediate response to flares, and they are

more likely to impacted on longer time scales (months)

as a result of a single, strong, flaring event. Relatively

abundant (N> 1025) gas-phase cations make up ⇠ 34%

of the chemical network. 77% of the modeled cations have

a � < 5%, and 57% have a � < 1%.

Among the flare sensitive cations, H+

3
, H+

2
, SO+

2
, and

O2H+ are significantly more variable than any other

species in the network. These four species, defined as

flare susceptible species, are seen to increase by up to

500% in abundance in response to strong flares. H+

2
is

produced from the direct ionization of H2 from an X-ray

photon, thus the increase in H+

2
abundance is a direct

result of the flare enhanced X-ray ionization rate. H+

2

drives further reactions, leading to the enhancement in

H+

3
and O2H+, as shown in reactions below. Addition-

ally, H+

2
can collisionally de-excite with H2, resulting in

the fluorescence of a UV photon (�fl,UV).

H2 + �XR ! H+

2
+ e� (8)

H+

2
+ H2 ! H+

3
+ H (9)

H+

3
+ O2 ! O2H

+ + H2 (10)

Enhancement of SO+

2
is a result of X-ray ionization of

helium, rather than H2, as shown in the reactions below.

An example reaction network of flare receptive species is

shown in Figure 6.

He + �XR ! He+ + e� (11)

He+ + SO2 ! SO+

2
+ He (12)

In general, all flare responses can be traced back to the

ionization of H2 and He, where the immediate by prod-

ucts (e.g. �UV,fl, H+

3
, CH+

3
, C+) drive all other chemical

variability in the disk. This suggests that the four flare

susceptible species are the main drivers in flare driven

chemistry.

3.3. Neutral Species

There are a total of 324 neutral species in the chemical

network, including both the gas and ice phases. How-

ever, the vast majority of neutral species are una↵ected

by flaring events. Only eight of the neutral species have

a � > 1%, and only 16 have � > 1%. In this section, we

highlight the chemical and physical processes that drive

variability in these species.

The eight variable neutral species are H(ice), HCO,

O2H, C3O, C2H4, C3H4, CH3C3N, and C2H5OH. We

note that CH3C3N and C2H5OH networks are incom-

plete, as this model focuses primarily on gas-phase pro-

cesses and does not include formation of larger COMS in

ice layers. Thus, species known to form primarily in the

ice phase, such as CH3C3N and C2H5OH, should be con-

sidered with caution. Increase in abundance H(ice), HCO,

O2H, C3O, C2H4, and C3H4 can be traced to enhance-

ment of H+

3
from Reaction 9.

H(ice) is temporarily enhanced in regions from R = 5

to 60 au and Z/R = 0.1 to 0.3, but remains una↵ected

throughout the rest of the disk. Gas-phase H produc-

tion increases Production of gas-phase H increases during

a flare primarily from direct production of H+

3
from H2

(Reaction 9), but also from dissociative recombination of

HCO+ (Reactions 13 and 14). The increase in H produc-

tion rate results in faster freeze-out times, thus temporar-

ily increasing the H(ice) abundance. When a flare ends,

hydrogen desorbs back to the gas-phase to return to it’s

pre-flare abundance.

H+

3
+ CO ! HCO+ + H2 (13)

Waggoner 7
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HCO+ + e� ! H + CO (14)

HCO variability occurs primarily beyond R = 5au and

within the vertical heights Z/R = 0.2 and 0.3. The main

HCO production process is via electron exchange with a

metal, such as Mg or Fe (Reaction 15).

HCO+ + M ! HCO + M+ (15)

HCO is relatively constant in the disk surface, where UV

photolysis and destruction reactions with cations are sig-

nificantly faster than the neutralization of HCO+. Be-

tween Z/R = 0.2 and 0.3 HCO enhancement closely fol-

lows HCO+ enhancement. Below Z/R = 0.2, HCO is not

significantly abundant.

The remaining variable neutral species can be traced to

production of CH+

3
from protonation of CH2 (Reaction

16).

CH2 + H+

3
! CH+

3
+ H2 (16)

In the upper layers of the disk beyond the water snow-

line, oxygen bearing species persist in the gas-phase and

rapidly react with CH+

3
driving variability in oxygen bear-

ing species, such as O2H. In the inner layers of the disk,

within the water snow-line, CH+

3
is able to persist long

enough to combine with H2 to form CH+

5
(Reaction 17).

CH+

5
then then protonates CO to form HCO+ and CH4

(Reaction 18).

CH+

3
+ H2 ! CH+

5
(17)

CH+

5
+ CO ! HCO+ + CH4 (18)

C+, a flare enhanced species (Figure 6), and CH4 drive

variability in a carbon bearing species, such as the vari-

able neutral species C2H4, C3H4, and C3O, as demon-

strated in Figure 7

4. CONCLUDING REMARKS

T-Tauri stars, or baby suns, are X-ray variable due to

magnetic reconnection events on the stellar surface. Dy-

namic X-ray emission results in variable X-ray ionization

rates, and therefore time variable chemistry in the sur-

rounding protoplanetary disk. In this work, we model

flare driven chemical variability by assessing the short-

term (days-weeks) and long-term (hundreds of years)

variability of chemical species. To do so, a new X-ray

flare model, XGEN, was written. XGEN produces a light

curve, which is then incorporated into a chemical disk

model. We find that X-ray flares dominantly a↵ect gas-

CH3+

CH5+

H2

CH4

CO

C2H4

CH

C3O

C2H3+

C3H5+ H3C3O+

CO

e-

C3H4

e-

CH4

C+

Figure 7. Example reactions for C bearing species. When a

flare occurs, CH+
3 and C+ are enhanced (Figure 6) and drive

further reactions in gas-phase carbon chemistry. Note that

this reaction model is relevant in colder disk regions, within

the H2O snow-line. In warmer regions, CH+
3 is quickly con-

sumed by reacting with OH before Reaction 17 can occur.

phase cations, but a number of gas-phase neutral species,

such as H2O, are also impacted by flares.

The model suggests that X-ray flares can drive a new

chemical steady state in some species, such as carbon

chains. The long-term implications of flares is the topic

of paper currently being prepared. Individual flares can

drive observable variability in species such as HCO+, but

the extent of observational implications has yet to be ex-

plored.

Prior to this work, flares have been considered neg-

ligible when modeling the chemical evolution of proto-

planetary disks. Modeling flare driven chemistry give a

more clear understanding the chemical origins of plan-

etary systems and the history of potentially life sus-

taining molecules, and we find that biologically relevant

molecules, such as carbon bearing species and oxygen

bearing species, are dependent on flaring events.
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