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ABSTRACT
The fundamental metallicity relation (FMR) is a postulated correlation between galaxy stel-
lar mass, star formation rate (SFR), and gas-phase metallicity. At its core, this relation posits
that offsets from the mass-metallicity relation (MZR) at a fixed stellar mass are correlated
with galactic SFR. In this Letter, we quantify the timescale with which galactic SFRs and
metallicities evolve using hydrodynamical simulations. We find that Illustris and IllustrisTNG
predict that galaxy offsets from the star formation main sequence and MZR evolve over sim-
ilar timescales, are often anti-correlated in their evolution, evolve with the halo dynamical
time, and produce a pronounced FMR. In fact, for a FMR to exist, the metallicity and SFR
must evolve in an anti-correlated sense which requires that they evolve with similar time vari-
ability. In contrast to Illustris and IllustrisTNG, we speculate that the SFR and metallicity
evolution tracks may become decoupled in galaxy formation models dominated by globally-
bursty SFR histories, which could weaken the FMR residual correlation strength. This opens
the possibility of discriminating between bursty and non-bursty feedback models based on the
strength and persistence of the FMR – especially at high redshift.
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1 INTRODUCTION

The mass metallicity relationship (MZR) is an important galaxy
scaling relation that describes the coevolution of galaxies and their
metal content (e.g. Tremonti et al. 2004). Over the past several
years, observational results have begun to indicate that the scatter in
the MZR may be correlated with galactic star formation rates (SFR;
e.g. Ellison et al. 2008) or gas masses (e.g. Bothwell et al. 2013).
This has led to the suggestion that there is a fundamental metallicity
relation (FMR; Lara-López et al. 2010; Mannucci et al. 2010) de-
scribing the combined relation between galactic stellar mass, SFR
(or gas mass), and metallicity. Evidence has been presented show-
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ing that this FMR holds across a wide mass range (Salim et al.
2014; Brown et al. 2017) as well as out to high redshift (Belli et al.
2013; Stott et al. 2014; Bothwell et al. 2016) with increasingly sys-
tematic and comprehensive analyses (Sanders et al. 2017). Further,
theoretical models have been built explaining why the FMR should
naturally occur (e.g. Lilly et al. 2013; Forbes et al. 2014; Zahid
et al. 2014).

However, there is no consensus about the existence of the
FMR (e.g. Sánchez et al. 2013, 2017). In particular, there are con-
cerns that the FMR is driven by systematic uncertainties in neb-
ular emission line metallicity diagnostics (Telford et al. 2016) or
contaminated by incomplete/non-global fibre corrections (Barrera-
Ballesteros et al. 2017; Ellison et al. 2017; Sánchez et al. 2017).
There is also disagreement about the strength (e.g. Andrews & Mar-
tini 2013) or mass dependence (e.g. Yates et al. 2012) of the resid-
ual correlation as well as the persistence of the FMR in high redshift
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Figure 1. The median SFMS (left) and MZR (right) for the TNG100 simulation at several redshifts. The average SFR (metallicity) evolves toward higher
(lower) values with increasing redshift at a fixed mass scale. Inset panels show evolution tracks of offset from the SFMS (left) and MZR (right) for one
example galaxy. Blue/red regions highlight when the galaxy is above/below the mean relation.

data (Yabe et al. 2015). In short, while the FMR provides an invit-
ing link between the fluctuations in the metallicities and SFRs (or
gas masses), it is not yet clear if the observational evidence fully
supports this scenario.

Yet, in a recent paper (Torrey et al. 2017), we demonstrated
that a FMR is naturally produced in hydrodynamical simula-
tions (see also Davé et al. 2017; De Rossi et al. 2017). In this Letter,
we explore the conditions that are required for a FMR to emerge.
In particular, the emergence of this relation relies on galactic offsets
from the MZR and star formation main sequence (SFMS) remain-
ing anti-correlated as they evolve, which we argue requires that the
SFR and metallicity share similar dominant evolution timescales.
If either the SFR or metallicity evolved much faster than its coun-
terpart, then the anti-correlation between the two quantities would
be washed out.

As we argue in this Letter, the dominant timescales for metal-
licity and SFR evolution are similar in our galaxy formation model.
We further argue that the evolution timescales for SFRs and metal-
licities are generally set by galaxy dynamics in our model, not
by the adopted feedback physics. The similarity in the SFR and
metallicity evolution timescales enables the existence of the FMR.
However, as we briefly address in Section 4, we speculate that the
strength of the FMR – especially for low mass galaxies at high red-
shift – may be reduced in models with particularly strong and/or
globally-bursty feedback.

2 METHODS

In this Letter we analyze the time variability of galactic SFRs and
metallicities using the IllustrisTNG simulation suite (Marinacci
et al. 2017; Naiman et al. 2017; Nelson et al. 2017; Pillepich et al.
2017a; Springel et al. 2017). The IllustrisTNG simulation suite
builds on the original Illustris simulation via a series of numeri-
cal and physical model improvements (Weinberger et al. 2017a;
Pillepich et al. 2017b) over the original Illustris model (Vogels-
berger et al. 2013; Torrey et al. 2014). In this Letter we use the
TNG100 simulation which employs a simulation box of side length
L ≈ 100 Mpc and is an analog to the original Illustris simulation
volume.

SFRs are determined using a subgrid model which leads to

smoothly-varying, non-bursty SFR histories (Springel & Hernquist
2003; Vogelsberger et al. 2014; Genel et al. 2014; Sparre et al.
2015). Gas is converted into stars using a stochastic star forma-
tion prescription. Each simulation stellar particle represents an un-
resolved full stellar population which we assume is described by
a Chabrier initial mass function. As stellar particles age, they re-
turn both mass and metals locally to the ISM resulting in time- and
spatially-dependent metal enrichment. Enrichment predictions of
the IllustrisTNG simulations agree on galactic (Naiman et al. 2017;
Torrey et al. 2017) and cluster scales (Vogelsberger et al. 2017) with
observations. Variability in the SFRs and metallicity values is there-
fore naturally driven by the variety of formation histories among
the simulated galaxy population. We always quote instantaneous
(un-smoothed) SFRs and metallicity values as the SFR weighted
average metallicity for all gas within a galaxy.

3 RESULTS

Figure 1 shows the SFMS (left panel) and MZR (right panel) at sev-
eral redshifts. There is significant redshift evolution in both of these
relations with higher redshift galaxies having higher SFRs (Wein-
berger et al. 2017b) and lower metallicities (Torrey et al. 2017). We
use these relations to build a two-dimensional interpolation func-
tion that yields the SFR or metallicity as a function of stellar mass
and redshift.

Using the median relations defined above, we track galaxies in
time and identify their offsets from the scaling relations. The insets
in Figure 1 show tracks for the offset evolution of one randomly
selected galaxy with mass M∗ ≈ 1010M� at z = 0. We highlight
periods of time where this galaxy is above or below the scaling
relations by shading blue or red, respectively. There are some fea-
tures in the offset evolution tracks that are repeated between the
SFR and metallicity panels. In particular, we find “mirrored” off-
set evolution between the metallicity and SFR offset values over a
broad redshift range where enhancements in the SFR of this galaxy
above the SFMS correspond to depressions in the metallicity below
the MZR.

The anti-correlated evolution of the MZR and SFMS offsets
has the observable consequence of driving residual correlations in
the scatter about the MZR. Figure 2 shows the average specific SFR
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Figure 2. Two-dimensional histogram of average specific SFRs for Illus-
trisTNG galaxies as a function of metallicity and stellar mass at z = 1.
Solid and dashed black lines indicate the median MZR and one sigma scat-
ter, respectively. There is a residual correlation about the MZR where galax-
ies with high metallicities have low SFRs, and galaxies with low metallici-
ties have high SFRs.

for galaxies distributed about the simulated MZR at redshift z = 1.
There is a clear residual correlation between MZR offset and SFR
for the full galaxy population, indicating that the anti-correlated
offset behavior shown in the individual evolution tracks in the in-
set of Figure 1 is commonly found in the larger galaxy population.
Although we only plot z = 1 here for brevity, this residual trend is
also present at other redshifts (Torrey et al. 2017) and we summa-
rize the best fitting slope relating offset from the MZR with offset
from the SFMS in Table 1. If galaxies randomly changed their SFR
and metallicity values, or if the SFR and metallicity evolution had
significantly different time variability, the strength of the residual
correlation between SFR and MZR offset would be washed out.

In this Letter we use a simple metric for identifying the small-
est timescale with significant SFR variability by determining how
well a galaxy population’s offsets from the SFMS at some time,
t0, indicate the same galaxy population’s offsets from the SFMS at
some earlier time, t0 − ∆t. We specifically use a Pearson corre-
lation coefficient, ρ(M∗, t0,∆t), to describe the strength of corre-
lation between the offsets from the SFMS for a galaxy population
with average stellar mass,M∗, measured at the two different times.
The correlation strength is measured as a function of initial time,
t0, time separation, ∆t, and in a series of initial stellar mass bins
M∗ ± ∆0.25 dex. For any given initial time, t0, and initial stel-
lar mass, M∗, we fit exponential decay curves, ρ(M∗, t0,∆t) =
exp(−∆t/τ), to the measured correlation coefficients as a func-
tion of time separation, which we find provides an adequate fit. We
use the best fitting decay timescale, τ = τ(M∗, t0), to define the
SFR evolution timescale for that particular initial time, t0, and ini-
tial stellar mass, M∗. We perform an identical procedure to deter-
mine metallicity evolution timescales, where we instead use offsets
from the MZR as input. There are ∼80 simulation snapshots over
the redshift range 0 ≤ z ≤ 4 that are used in this procedure.

We note that this simple method only identifies the shortest

Table 1. Best fitting slopes,α, between SFMS offset, ∆log SFR, and MZR
offset, ∆log Z, in ±0.1 dex stellar mass bins at several redshifts. Slopes
are calculated as ∆log Z = α∆log SFR via χ2 minimization.

M∗ 109M� 109.5M� 1010M� 1010.5M�

α(z = 0) -0.19 -0.30 -0.30 -0.11
α(z = 1) -0.28 -0.28 -0.27 -0.24
α(z = 2) -0.27 -0.29 -0.25 -0.29
α(z = 3) -0.30 -0.27 -0.34 –
α(z = 4) -0.26 -0.26 – –

timescale over which there is significant variation in the SFR val-
ues. Noisy data may lead to a short derived evolution timescale,
even if there is meaningful/significant longer term variability.
However, for the smoothly varying SFR and metallicity evolu-
tion histories typical of IllustrisTNG galaxies, we find this method
adequately describes the physically relevant evolution/variability
timescales.

Figure 3 shows the derived SFR (left) and metallicity (right)
evolution timescales as a function of stellar mass and redshift for
the full galaxy population. We highlight two trends identifiable
within this space. First, the SFR and metallicity timescales asso-
ciated with the highest mass galaxies (i.e. M∗ > 1010.5M�) are
somewhat disjoint from the rest of the galaxy population owing to
active galactic nuclei (AGN) feedback. In this regime, SFRs can
change rapidly as AGN feedback operates, but metallicities evolve
more slowly as the low SFRs and low accretion rates make it diffi-
cult to modify the metallicity of the central gas reservoir. Second,
the timescales that describe the SFR and metallicity evolution for
galaxies with stellar masses below M∗ . 1010.5M� are similar.
There is a trend where higher redshift galaxies have shorter SFR
and metallicity evolution timescales compared to their lower red-
shift companions. While z = 0 galaxies have evolution timescales
of just over a Gyr, high redshift galaxies of the same mass have evo-
lution timescales several times shorter than this. There is limited
change in the evolution timescale with mass at a fixed redshift for
both the metallicity and SFR maps for masses M∗ . 1010.5M�.

Figure 4 shows a direct comparison of the redshift evolution
of the SFR and metallicity correlation timescales. The colored solid
lines and shaded regions indicate stacked median and 10th/90th

percentile ranges for the evolution timescale evenly weighted over
the mass range 109M� < M∗ < 1010.5M�. The scatter about
these evolutionary tracks is remarkably small considering the large
mass range, but is consistent with the limited mass dependence
shown in both panels of Figure 3. Interestingly, we find that the
metallicity and SFR evolution timescales are similar in magnitude
and evolve in a similar sense with time. The metallicity evolution
timescales are somewhat larger (i.e. ∼ 1.2 − 1.5 times larger) than
the SFR evolution timescales. There is a late time drop in the SFR
correlation timescale which is dominated by the highest mass bins
(see Figure 3) where AGN feedback plays an increasing role in
modulating the SFRs.

The blue and red dot-dashed lines in Figure 4 indicate the Il-
lustris SFR and metallicity evolution timescales. While the Illus-
tris SFR evolution timescales are a very good match to the Illus-
trisTNG trends, the Illustris metallicity evolution timescales are
roughly ∼30 per cent larger than the IllustrisTNG metallicity evo-
lution values. Overall, however, the timescales of both models show
a similar trend in their redshift evolution and all measured SFR and
metallicity evolution timescales are the same within a factor of ∼ 2.
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Figure 3. Maps of the evolution timescale (see text for details) for the SFRs (left) and metallicities (right) in the TNG100 simulation. In general, the SFR
correlation timescales are somewhat shorter than the metallicity timescales, but both show a redshift dependence where higher redshift galaxies evolve on
shorter timescales for galaxies with M∗ . 1010.5M�.
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Figure 4. Metallicity (red) and SFR (blue) evolution timescales averaged
over the mass range 109 < M∗/M� < 1010.5 as a function of redshift
for IllustrisTNG (solid) and Illustris (dot-dashed). Additionally, the halo
dynamical time (black solid line) and twice the halo dynamical time (black
dashed) lines are shown.

Although not shown here, we note that Illustris also shows a Z-SFR
anti-correlation (Genel 2016).

In addition to the metallicity and SFR evolution timescales,
Figure 4 shows the halo dynamical time

τDM,dyn =

(
3π

32Gρ200,crit

)1/2

∼ 0.1 τH, (1)

where τH is the Hubble time. Without adjustment, the halo dy-
namical time tracks the SFR evolution timescales for both simu-
lations reasonably well. The metallicity evolution timescales for Il-
lustrisTNG and Illustris also follow the halo dynamical time tracks,
but are scaled up by factors of 1.5 and 2.0, respectively. The scaling

of these quantities with the halo dynamical time points to a picture
where variability in the SFRs and metallicities is dominated by the
evolution of the halo (Lilly et al. 2013) – not by the specific adopted
Illustris or IllustrisTNG feedback physics. This conclusion is sup-
ported because the halo dynamical time has no mass dependence
and the measured SFR/metallicity evolution timescales have only
a limited/modest mass dependence. The variation in the metallic-
ity evolution timescales between Illustris and IllustrisTNG does, of
course, indicate that the implemented galaxy formation physics can
impact the evolution timescales at the factor of ∼ 2 level. However,
while the FMR is not significantly impacted by factor of ∼2 differ-
ences in the SFR and metallicity evolution timescales (Genel 2016;
Torrey et al. 2017), as we briefly discuss in the following section,
we speculate that models with order-of-magnitude different/shorter
evolution timescales may have a weaker FMR since very rapid SFR
variability will wash out residual correlations between SFR and
metallicity offsets.

4 DISCUSSION AND CONCLUSIONS

In this Letter, we have shown that SFRs and metallicities in the
Illustris and IllustrisTNG models evolve over similar timescales
which are reasonably well matched to the halo dynamical time.
This similarity allows for the existence of the FMR. The mirrored
nature of the offsets from the MZR and SFMS that drive the corre-
lation between offset from the MZR and SFR only exists because
the metallicity and SFRs of galaxies evolve over similar timescales.
If the dominant timescales for SFR and metallicity evolution were
very different, then residual correlations with SFR about the MZR
would be weakened. The existence of correlated scatter as de-
scribed by the FMR instead implies that the dominant timescale
for variation with respect to the mean relations must be similar for
galactic metallicity and SFRs.

Our models predict a continued existence of the FMR out to
high redshift (Torrey et al. 2017) because the employed model gives
rise to non-bursty SFR histories that evolve on timescales compa-
rable to the halo dynamical time (see also, e.g., Davé et al. 2017;
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De Rossi et al. 2017). We do not necessarily expect that the results
presented in this Letter would be recovered by simulations with
galaxies dominated by globally-bursty SF histories. For example,
globally-bursty stellar feedback can strongly impact SFRs, driv-
ing significant changes to the SFR evolution without necessarily
impacting metallicity in the same way. Specifically, outflows pos-
sessing the same metallicity as the ISM can immediately change
the SFR of a galaxy, while not impacting the ISM metallicity.
Globally-bursty SF histories have the ability to drive SFR evolu-
tion timescales down – possibly by orders of magnitude to ∼10 or
100 Myrs (e.g. Sparre et al. 2017, Figure 9) – which could drive the
strength of correlation between offset from the MZR and SFR to be
weaker than what our models find.

As of yet, the existence or strength of the FMR is still under
debate – both at low and high redshift – and so it is not clear which
of these models is a better match to the real Universe. Accurately
assessing the existence or strength of the FMR, especially toward
higher redshift, is important because it may discriminate between
bursty and non-bursty galaxy formation feedback models.
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Lara-López, M. A., Cepa, J., Bongiovanni, A., et al. 2010, A&A,

521, L53
Lilly, S. J., Carollo, C. M., Pipino, A., Renzini, A., & Peng, Y.

2013, ApJ, 772, 119
Mannucci, F., Cresci, G., Maiolino, R., Marconi, A., & Gnerucci,

A. 2010, MNRAS, 408, 2115
Marinacci, F., Vogelsberger, M., Pakmor, R., et al. 2017, ArXiv

e-prints:1707.03396
Naiman, J. P., Pillepich, A., Springel, V., et al. 2017, ArXiv e-

prints:1707.03401
Nelson, D., Pillepich, A., Springel, V., et al. 2017, ArXiv e-

prints:1707.03395
Pillepich, A., Nelson, D., Hernquist, L., et al. 2017a, ArXiv e-

prints:1707.03406
Pillepich, A., Springel, V., Nelson, D., et al. 2017b, ArXiv e-

prints:1703.02970
Salim, S., Lee, J. C., Ly, C., et al. 2014, ApJ, 797, 126
Sánchez, S. F., Rosales-Ortega, F. F., Jungwiert, B., et al. 2013,

A&A, 554, A58
Sánchez, S. F., Barrera-Ballesteros, J. K., Sánchez-Menguiano,

L., et al. 2017, MNRAS, 469, 2121
Sanders, R. L., Shapley, A. E., Kriek, M., et al. 2017, ArXiv e-

prints:1711.00224
Sparre, M., Hayward, C. C., Feldmann, R., et al. 2017, MNRAS,

466, 88
Sparre, M., Hayward, C. C., Springel, V., et al. 2015, MNRAS,

447, 3548
Springel, V., & Hernquist, L. 2003, MNRAS, 339, 289
Springel, V., Pakmor, R., Pillepich, A., et al. 2017, ArXiv e-

prints:1707.03397
Stott, J. P., Sobral, D., Swinbank, A. M., et al. 2014, MNRAS,

443, 2695
Telford, O. G., Dalcanton, J. J., Skillman, E. D., & Conroy, C.

2016, ApJ, 827, 35
Torrey, P., Vogelsberger, M., Genel, S., et al. 2014, MNRAS, 438,

1985
Torrey, P., Vogelsberger, M., Marinacci, F., et al. 2017, ArXiv e-

prints:1711.05261
Tremonti, C. A., Heckman, T. M., Kauffmann, G., et al. 2004,

ApJ, 613, 898
Vogelsberger, M., Genel, S., Sijacki, D., et al. 2013, MNRAS,

436, 3031
Vogelsberger, M., Genel, S., Springel, V., et al. 2014, Nature, 509,

177
Vogelsberger, M., Marinacci, F., Torrey, P., et al. 2017, ArXiv e-

prints:1707.05318
Weinberger, R., Springel, V., Hernquist, L., et al. 2017a, MNRAS,

465, 3291
Weinberger, R., Springel, V., Pakmor, R., et al. 2017b, ArXiv e-

prints:1710.04659
Yabe, K., Ohta, K., Akiyama, M., et al. 2015, PASJ, 67, 102
Yates, R. M., Kauffmann, G., & Guo, Q. 2012, MNRAS, 422, 215
Zahid, H. J., Dima, G. I., Kudritzki, R.-P., et al. 2014, ApJ, 791,

130

c© 0000 RAS, MNRAS 000, 000–000


	1 Introduction
	2 Methods
	3 Results
	4 Discussion and Conclusions

